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Abstract 
Scleractinian corals experience different kinds of disturbance that result in 
variable intensity of injuries or even death. Lesions can be created by physical, 
biological or human induced factors. In many cases, corals are able to recover from 
injuries. In order to determine the regeneration rate and the pattern of regeneration of 
corals suffering from different types of injuries, monitoring of coral recovery from 
artificial lesions and natural injuries was undertaken in Tung Ping Chau, Hong Kong. 
An artificial lesion experiment was conducted on corals Porites lutea, Pavona 
decussata, Acropora digitifera and Leptastrea pruinosa from summer 2001 to autumn 
2002. Two different types of lesion, tissue injury and scraping injury, were inflicted 
onto the coral surfaces. The results showed that the regeneration rate of scraping 
injuries is generally faster than that of tissue injuries among the corals examined. 
Pontes lutea was found to recover the slowest among all coral species. This may be 
related to its being a massive coral having a thinner tissue layer than the others. Injuries 
inflicted in winter regenerated significantly slower than those inflicted in other seasons. 
In winter, the water temperature at 1 4 - 16°C is very much below the optimal range for 
most corals. It is likely that under such conditions, corals need to spend more energy to 
maintain their health. As a result, there is less energy available for regeneration of 
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lesions and the rate of recovery is therefore much slower. 
Acropora digitifera is a typical branching coral in Hong Kong. Strong wave 
action during typhoon or human disturbances can break the branches easily. In order to 
find out the recovery rate of A. digitifera from branch breakage, artificial breakage 
experiments were conducted in autumn 2002 and spring 2003. Lesion size < 1 cm in 
area recovered in 38 days and 40 days on average in the two seasons respectively while 
the mean recovery time of lesions > 1 cm2 in area was 72 days and 66 days respectively. 
Small lesions recovered significantly faster than the large lesions. Most of the broken 
pieces remained healthy when they were placed on the top of coral colonies while all of 
them died due to sedimentation effect or predation by gastropods when they were 
placed on the surface of the substratum. 
Other than Acropora digitifera, small and movable corals are easily damaged by 
strong wave or human disturbances. Once the corals are toppled, part of the living 
tissue will be buried under sand, resulting in partial mortality. In order to estimate the 
recovery rate of coral from artificial toppling, colonies of Porites lutea, Pontes lobata, 
Favia favus and Platygyra acuta were artificially toppled for 7 days. P. lutea and P. 
lobata showed total recovery within 20 days in autumn and 55 days in winter, while R 
favus and P. acuta did not recover. 
Bleaching of Hydnophora exesa and Montipora turgescens was recorded in Tung 
iii 
Ping Chau, Hong Kong in the summer of2001. All bleached H. exesa recovered within 
3 months. However, all M. turgescens died eventually. The different fates exhibited by 
these corals might be due to the difference in the depth of tissue layer. The tissue layer 
of / / . exesa (mean = 4.46 mm) is thicker than that of M. turgescens (mean = 1.20 mm) 
and thus plausibly provides more protection to its zooxanthellae. They in turn act as the 
major food provider to increase the survivorship of their host corals. Bleaching of 
Porites lutea was noted in the winter of 2001 and 2002, probably due to the cold water 
temperature. Results of the assessment showed that all P. lutea recovered after the 
temperature became warmer in the subsequent months. 
Assessment on general health conditions of corals, Platygyra acuta, Pontes lutea 
and Pavona decussata, showed that the major injuries suffered by these coral colonies 
are partial mortality, bleaching and bivalve recruitment respectively. Although many 
types of injuries were found on the coral colonies, most of them were not serious. 
The result of poor regeneration from injuries is mortality, hence the ability of the 
coral to recover from injuries is essential for its fitness. The present studies provide 
very comprehensive information on how different corals in Tung Ping Chau respond to 
different types of injuries. These information are essential for a better design of 
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of final sample date being set as 1 and the rest being expressed as 
a fraction of this time. Number of lesions subjected to tissue 
injury or scraping injury monitored repeatedly = 6 in two 
individual coral colonies over a period of 57 days. 
Fig. 2.31 Percentage recovery over time of lesions from (A) tissue injury 97 
and (B) scraping injury in Leptastrea pruinosa. The injuries 
were initially inflicted in autumn 2001. The recovery time for 
each lesion was standardized with the time of total recovery or the 
time of final sample date being set as 1 and the rest being 
expressed as a fraction of this time. Number of lesions subjected 
to tissue injury or scraping injury monitored repeatedly = 15 in 
five individual coral colonies over a period of 87 days. 
Fig. 2.32 Percentage recovery over time of lesions from (A) tissue injury 98 
and (B) scraping injury in Porites lutea. The injuries were 
initially inflicted in winter 2001. The recovery time for each 
lesion was standardized with the time of total recovery or the time 
of final sample date being set as 1 and the rest being expressed as 
a fraction of this time. Number of lesions subjected to tissue 
injury or scraping injury monitored repeatedly = 15 in five 
individual coral colonies over a period of 181 days. 
Fig. 2.33 Percentage recovery over time of lesions from (A) tissue injury 99 
and (B) scraping injury in Pavona decussata. The injuries were 
initially inflicted in winter 2001. The recovery time for each 
lesion was standardized with the time of total recovery or the time 
of final sample date being set as 1 and the rest being expressed as 
a fraction of this time. Number of lesions subjected to tissue 
injury monitored repeatedly = 15 in five individual coral colonies, 
number of lesions subjected to scraping injury monitored 
repeatedly = 12 in four individual coral colonies over a period of 
129 days. 
Fig. 2.34 Percentage recovery over time of lesions from (A) tissue injury 100 
and (B) scraping injury in Acropora digitifera. The injuries were 
initially inflicted in winter 2001. The recovery time for each 
lesion was standardized with the time of total recovery or the time 
of final sample date being set as 1 and the rest being expressed as 
a fraction of this time. Number of lesions subjected to tissue 
injury or scraping injury monitored repeatedly = 9 in three 
individual coral colonies over a period of 139 days. 
Fig. 2.35 Percentage recovery over time of lesions from (A) tissue injury 101 
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and (B) scraping injury in Leptastrea pruinosa. The injuries 
were initially inflicted in winter 2001. The recovery time for 
each lesion was standardized with the time of total recovery or the 
time of final sample date being set as 1 and the rest being 
expressed as a fraction of this time. Number of lesions subjected 
to tissue injury or scraping injury monitored repeatedly = 11 in 
four individual coral colonies over a period of 181 days. 
Fig. 2.36 Percentage recovery over time of lesions from (A) tissue injury 102 
and (B) scraping injury in Porites lutea. The injuries were 
initially inflicted in spring 2002. The recovery time for each 
lesion was standardized with the time of total recovery or the time 
of final sample date being set as 1 and the rest being expressed as 
a fraction of this time. Number of lesions subjected to tissue 
injury monitored repeatedly = 17 or scraping injury monitored 
repeatedly = 18 in six individual coral colonies over a period of 
106 days. 
Fig. 2.37 Percentage recovery over time of lesions from (A) tissue injury 103 
and (B) scraping injury in Pavona decussata. The injuries were 
initially inflicted in spring 2002. The recovery time for each 
lesion was standardized with the time of total recovery or the time 
of final sample date being set as 1 and the rest being expressed as 
a fraction of this time. Number of lesions subjected to tissue 
injury or scraping injury monitored repeatedly = 9 in three 
individual coral colonies over a period of 99 days. 
Fig. 2.38 Percentage recovery over time of lesions from (A) tissue injury 104 
and (B) scraping injury in Acropora digitifera. The injuries were 
initially inflicted in spring 2002. The recovery time for each 
lesion was standardized with the time of total recovery or the time 
of final sample date being set as 1 and the rest being expressed as 
a fraction of this time. Number of lesions subjected to tissue 
injury or scraping injury monitored repeatedly = 9 in three 
individual coral colonies over a period of 83 days. 
Fig. 2.39 Percentage recovery over time of lesions from (A) tissue injury 105 
and (B) scraping injury in Leptastrea pruinosa. The injuries 
were initially inflicted in spring 2002. The recovery time for 
each lesion was standardized with the time of total recovery or the 
time of final sample date being set as 1 and the rest being 
expressed as a fraction of this time. Number of lesions subjected 
to tissue injury or scraping injury monitored repeatedly = 9 in 
three individual coral colonies over a period of 44 days. 
Fig. 2.40 Percentage recovery over time of lesions from (A) tissue injury 106 
and (B) scraping injury in Porites lutea. The injuries were 
initially inflicted in summer 2002. The recovery time for each 
lesion was standardized with the time of total recovery or the time 
of final sample date being set as 1 and the rest being expressed as 
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a fraction of this time. Number of lesions subjected to tissue 
injury or scraping injury monitored repeatedly = 18 in six 
individual coral colonies over a period of 106 days. 
Fig. 2.41 Percentage recovery over time of lesions from (A) tissue injury 107 
and (B) scraping injury in Pavona decussata. The injuries were 
initially inflicted in summer 2002. The recovery time for each 
lesion was standardized with the time of total recovery or the time 
of final sample date being set as 1 and the rest being expressed as 
a fraction of this time. Number of lesions subjected to tissue 
injury monitored repeatedly = 15 in five individual coral colonies, 
number of lesions subjected to scraping injury monitored 
repeatedly = 18 in six individual coral colonies over a period of 
106 days. 
Fig. 2.42 Percentage recovery over time of lesions from (A) tissue injury 108 
and (B) scraping injury in Acropora digitifera. The injuries were 
initially inflicted in summer 2002. The recovery time for each 
lesion was standardized with the time of total recovery or the time 
of final sample date being set as 1 and the rest being expressed as 
a fraction of this time. Number of lesions subjected to tissue 
injury monitored repeatedly = 8 or scraping injury monitored 
repeatedly = 9 in three individual coral colonies over a period of 
106 days. 
Fig. 2.43 Percentage recovery over time of lesions from (A) tissue injury 109 
and (B) scraping injury in Leptastrea pruinosa. The injuries 
were initially inflicted in summer 2002. The recovery time for 
each lesion was standardized with the time of total recovery or the 
time of final sample date being set as 1 and the rest being 
expressed as a fraction of this time. Number of lesions subjected 
to tissue injury or scraping injury monitored repeatedly = 9 in 
three individual coral colonies over a period of 106 days. 
Fig. 2.44 Percentage recovery over time of lesions from (A) tissue injury 110 
and (B) scraping injury in Pontes lutea. The injuries were 
initially inflicted in autumn 2002. The recovery time for each 
lesion was standardized with the time of total recovery or the time 
of final sample date being set as 1 and the rest being expressed as 
a fraction of this time. Number of lesions subjected to tissue 
injury monitored repeatedly = 15 in five individual coral colonies, 
number of lesions subjected to scraping injury monitored 
repeatedly = 18 in six individual coral colonies over a period of 
112 days. 
Fig. 2.45 Percentage recovery over time of lesions from (A) tissue injury 111 
and (B) scraping injury in Pavona decussata. The injuries were 
initially inflicted in autumn 2002. The recovery time for each 
lesion was standardized with the time of total recovery or the time 
of final sample date being set as 1 and the rest being expressed as 
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a fraction of this time. Number of lesions subjected to tissue 
injury or scraping injury monitored repeatedly = 18 in six 
individual coral colonies over a period of 106 days. 
Fig. 2.46 Percentage recovery over time of lesions from (A) tissue injury 112 
and (B) scraping injury in Acropora digitifera. The injuries were 
initially inflicted in autumn 2002. The recovery time for each 
lesion was standardized with the time of total recovery or the time 
of final sample date being set as 1 and the rest being expressed as 
a fraction of this time. Number of lesions subjected to tissue 
injury or scraping injury monitored repeatedly = 9 in three 
individual coral colonies over a period of 93 days. 
Fig. 2.47 Percentage recovery over time of lesions from (A) tissue injury 113 
and (B) scraping injury in Leptastrea pruinosa. The injuries 
were initially inflicted in autumn 2002. The recovery time for 
each lesion was standardized with the time of total recovery or the 
time of final sample date being set as 1 and the rest being 
expressed as a fraction of this time. Number of lesions subjected 
to tissue injury or scraping injury monitored repeatedly = 9 in 
three individual coral colonies over a period of 92 days. 
Fig. 2.48 The mean (士 SD) photo synthetic quantum yield of the lesions 114 
subjected to artificial injuries and control colonies of Porites 
lutea. The injuries were initially inflicted in autumn 2002. 
Number of lesions subjected to tissue injury monitored repeatedly 
二 15 in five individual coral colonies, number of lesions subjected 
to scraping injury monitored repeatedly = 18 in six individual 
coral colonies over a period of 112 days. 
Fig. 2.49 The mean (±SD) photosynthetic quantum yield of the lesions 115 
subjected to artificial injuries and control colonies of Leptastrea 
pruinosa. The injuries were initially inflicted in autumn 2002. 
Number of lesions subjected to tissue injury or scraping injury 
monitored repeatedly 二 9 in three individual coral colonies over a 
period of 92 days. 
Fig 2.50 The mean biweekly water temperature (士S.D.) profile in AYW, 116 
Tung Ping Chau at -lm C.D. from July 2001 to July, 2003. The 
water temperature was recorded every half hour and then averaged 
biweekly. 
Fig. 2.51 The average tissue thickness (+S.D.) of the four coral species, 117 
Porites lutea, Pavona decussata, Acropora digitifera (half 
thickness of the whole branch) and Leptastrea pruinosa. N = 25 
for all coral species. 
Fig. 3.1 An example of an artificial breakage inflicted on the coral 164 
colonies by hammer and chisel. The ruler was used for 
calibration in computer image analysis. 
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Fig. 3.2 Acropora digitifera fragments were put on the sand bottom in the 164 
experiment in spring 2003. (A) Predation of Acropora digitifera 
fragments by gastropods (Arrow). (B) Bare skeleton of A. 
digitifera after predation by gastropods. 
Fig. 3.3 Close-up underwater video was used to record the recovery of the 165 
lesion and the ruler was used for calibration in computer image 
analysis. Partial mortality is found on the coral surface of 
Platygyra acuta after experimental burial for 7 days. 
Fig. 3.4 Percentage recovery over time of lesions from artificial breakage 166 
of branches of Acropora digitifera. The initial lesion size was 
(A) smaller than lcm2 and (B) larger than lcm2. The injuries 
were initially inflicted in autumn 2002 in five individual coral 
colonies. Number of lesions monitored repeatedly that were 
initially smaller than lcm2 = 8 or larger than lcm =1. 
Fig. 3.5 Percentage recovery over time of lesions from artificial breakage 167 
of branches of Acropora digitifera. The initial lesion size was 
(A) smaller than lcm2 and (B) larger than lcm2. The injuries 
were initially inflicted in spring 2003 in five individual coral 
colonies. Number of lesions monitored repeatedly that were 
initially smaller than lcm2 = 7 or larger than lcm2 = 8. 
Fig. 3.6 Percentage recovery over time of lesions from artificial breakage 168 
of branches of Acropora digitifera. The initial lesion size was 
smaller than lcm2 and the injuries were initially inflicted in 
autumn 2002. The recovery time was standardized with the time 
of total recovery or the time of last measurement being set as 1 
and the rest being expressed as a fraction of this time. Number 
of lesions monitored repeatedly = 8 in five individual coral 
colonies over a period of 59 days. 
Fig. 3.7 Percentage recovery over time of lesions from artificial breakage 169 
of branches of Acropora digitifera. The initial lesion size was 
larger than lcm2 and the injuries were initially inflicted in autumn 
2002. The recovery time was standardized with the time of total 
recovery or the time of last measurement being set as 1 and the 
rest being expressed as a fraction of this time. Number of lesions 
monitored repeatedly = 7 in five individual coral colonies over a 
period of 116 days. 
Fig. 3.8 Percentage recovery over time of lesions from artificial breakage 170 
of branches of Acropora digitifera. The initial lesion size was 
smaller than lcm2 and the injuries were initially inflicted in spring 
2003. The recovery time was standardized with the time of total 
recovery or the time of last measurement being set as 1 and the 
rest being expressed as a fraction of this time. Number of lesions 
monitored repeatedly = 7 in five individual coral colonies over a 
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period of 67 days. 
Fig. 3.9 Percentage recovery over time of lesions from artificial breakage 171 
of branches of Acropora digitifera. The initial lesion size was 
larger than lcm and the injuries were initially inflicted in spring 
2003. The recovery time was standardized with the time of total 
recovery or the time of last measurement being set as 1 and the 
rest being expressed as a fraction of this time. Number of lesions 
monitored repeatedly = 8 in five individual coral colonies over a 
period of 123 days. 
Fig. 3.10 The mean photosynthetic quantum yield (+SD) measured using 172 
Diving PAM of new lesions (0%) inflicted by artificial breakage, 
lesions that showed 50% and 90% recovery from breakage injuries 
and the control branches of Acropora digitifera. (A) The injuries 
were inflicted in autumn 2002. (B) The injuries were inflicted in 
spring 2003. * Significant difference between both lesions and 
control (1-way ANOVA, p < 0.05). 
Fig. 3.11 The photosynthetic quantum yield (±SD) of the broken fragments 173 
and the unbroken branches (control) of Acropora digitifera 
measured over time using Diving PAM.(A) All fragments were 
placed on top of the living colonies of A. digitifera in the 
experimental breakage study initiated in autumn 2002. (B) All 
fragments were placed on the sand bottom near the living colonies 
in the experimental breakage study initiated in spring 2003. 
Fig. 3.12 Percentage recovery over time of lesions inflected from artificial 174 
toppling of (A) Porites lobata and (B) Porites lutea. The 
artificial toppling experiment of these colonies was initiated in 
autumn 2002. Number of colonies monitored repeatedly = 4 for 
both species. 
Fig. 3.13 Percentage recovery over time of lesions inflected from artificial 175 
toppling of (A) Porites lobata and (B) Porites lutea. The 
artificial toppling experiment of these colonies was initiated in 
winter 2002. Number of colonies monitored repeatedly = 4 for P. 
lobata and number of colonies monitored repeatedly = 5 for P. 
lutea. 
Fig. 3.14 Percentage recovery over time of lesions inflected from artificial 176 
toppling of Porites lobata. The artificial toppling experiment of 
P. lobata colonies was initiated in autumn 2002. The recovery 
time was standardized with the time of total recovery or the time 
of last measurement being set as 1 and the rest being expressed as 
a fraction of this time. Number of colonies monitored repeatedly 
二 4 over a period of 26 days. 
Fig. 3.15 Percentage recovery over time of lesions inflicted from artificial 177 
toppling of Porites lutea. The artificial toppling experiment of P. 
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lutea colonies was initiated in autumn 2002. The recovery time 
was standardized with the time of total recovery or the time of last 
measurement being set as 1 and the rest being expressed as a 
fraction of this time. Number of colonies monitored repeatedly = 
4 over a period of 26 days. 
Fig. 3.16 Percentage recovery over time of lesions inflected from artificial 178 
toppling of Porites lobata. The artificial toppling experiment of 
P. lobata colonies was initiated in winter 2002. The recovery 
time was standardized with the time of total recovery or the time 
of last measurement being set as 1 and the rest being expressed as 
a fraction of this time. Number of colonies monitored repeatedly 
= 4 over a period of 71 days. 
Fig. 3.17 Percentage recovery over time of lesions inflicted from artificial 179 
toppling of Porites lutea. The artificial toppling experiment of R 
lutea colonies was initiated in winter 2002. The recovery time 
was standardized with the time of total recovery or the time of last 
measurement being set as 1 and the rest being expressed as a 
fraction of this time. Number of colonies monitored repeatedly = 
4 over a period of 85 days. 
Fig. 3.18 The mean photosynthetic quantum yield (+SD) of the lesions in 180 
different coral species measured by Diving PAM before and 7 
days after being manually toppled in the experiment. (A) 
Artificial toppling experiment initiated in autumn 2002. The 
four species examined were Porites lobata, P. lutea, Favia favus 
and Platygyra acuta. (B) Artificial toppling experiment initiated 
in winter 2002. The two species examined were Porites lobata 
and P. lutea. 
Fig. 3.19 The mean photosynthetic quantum yield (+SD) measured using 181 
Diving PAM of new lesions (0%) inflicted by artificial toppling, 
lesions showing 50% and 90% recovery after toppling and the 
control in artificial toppling experiment initiated in autumn 2002. 
(A) Colonies of Porites lobata were manually toppled for 7 days. 
Only quantum yield of intra-colony control was used to compare 
with that of the experimental colonies. (B) Colonies of Porites 
lutea were manually toppled for 7 days and quantum yields of 
both intra- / inter-colony controls were used to compare with that 
of the experimental colonies. * Significant difference in 
quantum yield between lesions and controls (1-way ANOVA, p < 
0.05). 
Fig. 3.20 The mean photosynthetic quantum yield (+SD) measured using 182 
Diving PAM of new lesions (0%) inflicted by artificial toppling, 
lesions showing 50% and 90% recovery after toppling and the 
control in artificial toppling experiment initiated in autumn 2002. 
(A) Colonies of Porites lobata were manually toppled for 7 days. 
Only quantum yield of intra-colony control was used to compare 
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with that of the experimental colonies. (B) Colonies of Porites 
lutea were manually toppled for 7 days and quantum yields of 
both intra- / inter-colony controls were used to compare with that 
of the experimental colonies. * Significant difference in 
quantum yield between lesions and controls (1-way ANOVA p < 
0.05).s and controls (1-way ANOVA, p < 0.05). 
Fig. 4.1 The classification of Hydnophora exesa colonies showing 213 
different degrees of bleaching. A) Non-bleached healthy coral: 
colony with normal brownish green color and extended tentacles. 
B) Totally bleached colony with retracted tentacles that are totally 
whitened in colour. The approximate scale is given for 
reference. 
Fig. 4.2 Picture showing an example of a totally bleached Montipora 213 
turgescens colony. The approximate scale is given for reference. 
Fig. 4.3 Pictures showing colonies experiencing recovery from bleaching 214 
(with healthy tissue and bleached tissue in the same colony). 
The highlighted areas showed the partial mortality area formed in 
the colony after the bleaching event. Partial mortality of some 
colonies was seen after the bleaching event in winter 2002. 
Bleaching caused the whole colony to become white in colour. 
The colony started to regain its pigment in spring 2003. The 
approximate scale is given for reference. 
Fig. 4.4 The mean (±SD) photosynthetic quantum yield of the 215 
non-bleached colonies of Hydnophora exesa and in colonies 
recovering from different initial stages of bleaching. The study 
was monitored from September 2001 to November 2001 and 
recovery from bleaching was recorded during this period. Mean 
water temperature over the same period is also shown. 
Fig. 4.5 The mean (士SD) photosynthetic quantum yield of colonies of 215 
Montipora turgescens monitored from September 2001 to 
November 2001 until all colonies experienced total mortality. 
Fig. 4.6 The mean (±SD) photosynthetic quantum yield of non-bleached 216 
colonies of Porites lutea and those colonies recovering from 
different initial degrees of bleaching monitored from A) January 
2002 to June 2002 and B) January 2003 to May 2003. Mean 
water temperature over the same period is also shown. 
Fig. 4.7 The mean water temperature of Tung Ping Chau from January 217 
1997 to October 2003 in depth of—1 m C.D. 
Fig. 4.8 A comparison of the mean (士SD) biweekly underwater 217 
temperature in Tung Ping Chau in 2001 with the mean (士SD) 
biweekly underwater temperature from 1997 to 2003. 
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Fig. 4.9 The monthly total rainfall of Tung Ping Chau from 1997 to 2002 218 
(Data from Hong Kong Observatory). The incomplete trend line 
is due to the lack of data for September 1999 and June 2000. 
Fig. 4.10 The comparison of monthly total rainfall of Tung Ping Chau in 218 
1998 and 2001 with the average monthly total rainfall in the past 
50 years in Hong Kong (Data from Hong Kong Observatory). 
Fig 4.11 The mean (±SD) monthly salinity and total rainfall (Data from 219 
Hong Kong Observatory) recorded in A Ye Wan, Tung Ping Chau 
from March 2002 to August 2003. 
Fig. 5.1 (A) Colony of Porites lutea showing partial mortality on its 246 
surface. (B) A close up picture of a patch with partial mortality. 
An approximate scale is given for reference. 
Fig. 5.2 (A) Colony of Porites lutea covered by mucus. (B) A close up 246 
picture of the mucus layer. An approximate scale is given for 
' reference. 
Fig. 5.3 Fish predation scars on Porites lutea. The pairs of small lesion 247 
are the bite marks of parrotfishes. Fish bite marks on P. lutea 
were recorded in the surveys in summer and autumn. An 
approximate scale is given for reference. 
Fig. 5.4 A colony of Pavona decussata being covered by an abandoned 247 
linen bag. Light cannot penetrate through the bag so the covered 
region of the colony will eventually experience mortality. An 
approximate scale is given for reference. 
Fig. 5.5 A colony of (A) Platygyra acuta and (B) Porites lutea found 248 
toppled. The tissue submerged under the sand will suffer from 
bleaching and will eventually experience mortality. An 
approximate scale is given for reference. 
Fig. 5.6A The general health conditions of three dominant coral species in A 249 
Ye Wan under -1 m C.D in Spring 2002. Data are mean (+SD) 
values based on the number of coral colonies encountered within 
three belt transects. For details on the types of injuries, please 
refer to Section 5.2.4 of the text. 
Fig. 5.6B The general health conditions of three dominant coral species in A 250 
-Ye Wan under -1 m C.D in Summer 2002. Data are mean (+SD) 
values based on the number of coral colonies encountered within 
three belt transects. For details on the types of injuries, please 
refer to Section 5.2.4 of the text. 
Fig. 5.6C The general health conditions of three dominant coral species in A 251 
Ye Wan under -1 m C.D in Autumn 2002. Data are mean (+SD) 
values based on the number of coral colonies encountered within 
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three belt transects. For details on the types of injuries, please 
refer to Section 5.2.4 of the text. 
Fig. 5.6D The general health conditions of three dominant coral species in A 252 
Ye Wan under -1 m C.D in Winter 2002. Data are mean (+SD) 
values based on the number of coral colonies encountered within 
three belt transects. For details on the types of injuries, please 
refer to Section 5.2.4 of the text. 
Fig. 5.7A The general health conditions of three dominant coral species in A 253 
Ye Wan under -3 m C.D in Spring 2002. Data are mean (+SD) 
values based on the number of coral colonies encountered within 
three belt transects. For details on the types of injuries, please 
refer to the Section 5.2.4 of the text. 
Fig. 5.7B The general health conditions of three dominant coral species in A 254 
Ye Wan under -3 m C.D in Summer 2002. Data are mean (+SD) 
values based on the number of coral colonies encountered within 
three belt transects. For details on the types of injuries, please 
refer to the Section 5.2.4 of the text. 
Fig. 5.7C The general health conditions of three dominant coral species in A 255 
Ye Wan under -3 m C.D in Autumn 2002. Data are mean (+SD) 
values based on the number of coral colonies encountered within 
three belt transects. For details on the types of injuries, please 
refer to the Section 5.2.4 of the text. 
Fig. 5.7D The general health conditions of three dominant coral species in A 256 
Ye Wan under -3 m C.D in Winter 2002. Data are mean (+SD) 
values based on the number of coral colonies encountered within 
three belt transects. For details on the types of injuries, please 
refer to the Section 5.2.4 of the text. 
Fig. 5.8A The general health conditions of three dominant coral species in A 257 
Ma Wan under -1 m C.D in Spring 2002. Data are mean (+SD) 
values based on the number of coral colonies encountered within 
three belt transects. For details on the types of injuries, please 
refer to the Section 5.2.4 of the text. 
Fig. 5.8B The general health conditions of three dominant coral species in A 258 
Ma Wan under -1 m C.D in Summer 2002. Data are mean (+SD) 
-values based on the number of coral colonies encountered within 
three belt transects. For details on the types of injuries, please 
refer to the Section 5.2.4 of the text. 
Fig. 5.9A The general health conditions of three dominant coral species in A 259 
Ma Wan under -3 m C.D in Spring 2002. Data are mean (+SD) 
values based on the number of coral colonies encountered within 
three belt transects. For details on the types of injuries, please 
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refer to Section 5.2.4 of the text. 
Fig. 5.9B The general health conditions of three dominant coral species in A 260 
Ma Wan under -3 m C.D in Summer 2002. Data are mean (+SD) 
values based on the number of coral colonies encountered within 
three belt transects. For details on the types of injuries, please 
refer to Section 5.2.4 of the text. 
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Regeneration is an important process to maintain the life of corals (Bak 1983, Meesters 
and Bak 1993, Meesters et al. 1996). Corals are being damaged by different 
disturbances all the time (Nanette et al 1990). Disturbances may be of biotic and 
abiotic origins. Biotic disturbances like competition, bioerosion, predation, and 
diseases (Neudecker 1979, Reaka-Kudla et al 1996, Bruckner et al. 1997, Antonius 
1998,), or abiotic disturbances from human activities, pollution or destructive forces 
like hurricanes and sedimentation (Guzman et al 1991, Lirman and Fong 1996, Brown 
1997, McManus et al 1997, Wesseling et al 1999) can inflict different degrees of 
injuries on corals. If a coral fails to regenerate, the injuries will become permanent 
features of the coral colony (Meesters et al. 1996). Given the importance of 
disturbances, many researches have been conducted to verify and quantify damages 
brought about by disturbances and their consequences. 
1.1.1. Biotic disturbances: 
1.1.1.1. Competition 
Competition with algae: 
1 
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Coral reef degradation is often characterized by a shift from coral dominated to 
macroalgal-dominated reef (Jompa 2002). As macroalgae are potential competitors 
with corals, many studies have been done to investigate how algae influence the corals. 
Antonius (1998) found that a large number of Acropora cervicornis and Porites porites 
were covered by either tufts of blue green or filamentous algae in the Barrier Reef north 
of Carrie Bow Cay in 1998. The living tissue of the corals disappeared at the contact 
area. In the presence of macroalgae, the fitness of the coral colony was reduced. 
Tanner (1995) showed that the growth rate of Acropora spp. was faster when 
macroalgal coverage was absent. 
Competition with sponges: 
Space is a critical limiting factor for sessile organisms (Dayton 1971). Sponges in coral 
reef are considered to be important space competitors with corals (Aerts and van Soest 
1997). As coral coverage and species composition of sponge may affect the coral 
overgrowth by sponge, in Caribbean reefs, Aerts (1998) observed that more aggressive 
sponges can be found in places where coral coverage was >25%. He concluded that 
competition between corals and sponges was more critical on reefs with high coral 
coverage since more aggressive sponge existed, hence more overgrowth of sponge over 
corals occurred. In order to find out the factors affecting this competition, Aerts and 
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van Soest (1997) quantified the overgrowth events in environments with different 
sedimentation rates and visibility. Their findings showed that corals were overgrown 
when aggressive sponges appeared even in the low sedimentation and high visibility 
environments. Both experiments showed that the presence of aggressive sponges is 
more critical in the competition. 
1.1.1.2 Bioerosion: 
Macroboring organisms are known as reef framework modifier and destroyer (Perry 
1998). Boring organisms can cause bioerosion. A bioeroded coral is more susceptible 
to damage by strong current and hurricanes (Hutchings 1986). In order to estimate the 
rate of bioerosion, Porites lobata blocks were deployed for 14.8 months at shallow reef 
in the Galapagos Islands (Reaka-Kudla et al. 1996). Internal bioeroders removed an 
average of 2.6 kg m"2 yr"1 while the external bioeroders excavated an average of 22.8 kg 
m"2 yf 1 of coral skeleton. Reaka-Kudla et al (1996) concluded that if the recruitment 
rate of coral does not increase or the bioerosion rate does not decrease, the coral reef in 
the Galapogas Islands will be eliminated eventually. Other than boring organisms, 
echinoid erosion is one of the major limiting factors affecting the growth of the reef. A 
field experiment on the bioerosion rate of echinoid was done in the Gulf of Eilat 
(Mokady et al 1996). The results showed that the two most common sea urchins 
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Diadema setosum and Echinometra mathaei eroded 310 mg individual" d" and 120 mg 
individual" M"1 of the reef respectively. These findings showed that echinoid bioerosion 
was important as a structuring force in the coral reef. 
1.1.1.3 Predation: 
Predation by reef fishes: 
Predation on corals is widely recognized all over the world. Fish predators, like 
parrotfishes, butterflyfishes and damselfishes, inflict different degrees of damage on 
both hard and soft coral colonies. Bruckner et al. (2000) found that parrotfish inflicted 
two different types of lesions on corals. These were spot biting, which resulted from 
random and individual bites scattered on the coral surface and focused biting, which 
was extensive removal of tissue and skeleton through repeated and overlapping bites. 
Montastrea annularis, Montastrea faveolata and Colpophyllia natans were most 
affected. Fish predation can affect coral zonation (Neudecker 1979). The coral 
Madracis mirabilis is rarely found in reef shallower than 20m in the Conch Reef of 
Florida. An experiment was done to transplant M. mirabilis from 26m to 13m and 20m 
(Grottoli-Everett and Wellington 1997). The results showed that fragments in 13m 
suffered from higher level of predation than those in 20m and this suggested that 
predation by fish potentially influenced the zonation of corals. 
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Predation by gastropods: 
Corallivorous gastropods, Drupella spp. and Coralliophila abbreviata have been 
recognized to inflict significant impact on the coral reef (Brawley and Adey 1982, 
Turner 1994). Cumming (1999) did a research on the density of corallivorous 
gastropods, Drupella cornus, D. fragum and D. rugosa at Lizard Island, Great Barrier 
Reef and found that there was great variation in the density among reef habitats and 
individual coral colonies. Among four habitats, the gastropod density varied twelve 
folds: exposed crests (2.55/m2), exposed slopes (0.22/m2), sheltered crests (0.34/m2) 
and sheltered slopes (02.07/m2). Gastropods normally formed clusters of < 10 
individuals on live corals. Occasionally, however, large aggregations from -200 to > 
2000 individuals were formed. 
Noticed that corallivorous gastropods were a threat to coral reef, the predation rate of 
Coralliophila abbreviata on coral colonies was estimated by Miller in 2001. His 
findings showed that Acropora palmata colonies with C. abbreviata on them lost an 
average of 3cm2 tissue day"1 (Miller 2001). He suggested that the removal of 
corallivorous gastropods might be an effective conservation strategy to protect coral 
colonies. 
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1.1.1.4 Diseases: 
Way back in the early 1970s, Antonius (1973) and Garrett (1975) first described the 
presence of coral diseases. The first detailed surveys on the abundance and distribution 
of coral diseases were conducted in early 1990s (Edmunds 1991, Kuta 1996). 
Within this decade, many researches on coral diseases were done so that there are now 
more detailed pictures about them. The first record of infection of black band disease 
from one coral colony to another was in Jamaica in 1992 (Bruckner et al. 1997). After 
the first record of black band disease in the back reef, over 19 months, the disease had 
spread and infected other corals in the direction of the current. The infected corals were 
clumped together but without direct live tissues connection. This finding suggested 
that the black band disease could infect adjacent corals. 
A research on the outbreak of coral disease: Plague type II, conducted in the Florida 
Keys in 1995 (Richardson et al. 1998) showed 17 species of scleractinian corals to be 
infected. The diseases spread from the base of the colony to the top at a rate of 2 cm/hr. 
Hence, the coral colonies completely lost their tissue within days. The disease was 
isolated and found to match most closely the genus Sphingomonas. Coral diseases can 
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infect more coral species and can be more wide spread than what was known before 
(Richardson et al. 1998). Porter et al (2001) showed that coral diseases in the Florida 
Keys dramatically increased over a short period, with 82% of the sampled locations 
found affected. This was a 404% increase over that in 1996. Among the coral species, 
85% of them were infected, a 218% increase over 1996. 
1.1.2 Abiotic disturbances: 
I 
1.1.2.1 Fluctuating physical parameters: 
Glynn (1984) first described that coral bleaching was due to the loss of symbiotic 
zooxanthellae of corals. Over the past 20 years, mass bleaching events have been 
reported frequently and there are now deep concerns that the frequency of bleaching 
events may be increasing (Brown 1997, Hoegh-Guldberg 1999). Evidence shows that 
bleaching events are due to a single or a combination of abnormal environmental 
parameters (e.g. elevated or reduced seawater temperature, increase of solar radiation, 
reduced salinity) (Brown 1997). 
In 1991, there was a mass bleaching event in March on reef in Moorea, French 
Polynesia. The study by Gleason (1993) showed that 96% of Acropora spp. and 76% of 
Pocillopora spp. exhibited certain degree of bleaching. Particularly in 1998, there were 
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unprecedented bleaching events that happened all over the world due to the El Nino 
effect (Edwards et al. 2001，Hoegh-Guldberg 1999). In Palau, the seawater 
temperature in 1998 was 31°C, which was 1.0 to 1.25 °C higher than normal. Bruno 
(2001) quantified that 53.4±6.2% of corals were bleached at 3 to 5 m depth while 
68.9士6.2% of corals were bleached at 10 to 12m. The overall mean bleached 
scleractinian coral coverage was 18.9±1.5% compared with 15.6士2.0% of healthy 
corals. Not only the reefs in Palau, but also reefs in Belize suffered severe bleaching 
event in 1998 as well. Mumby (1999) conducted a survey and showed that the 
bleaching events lasted for 3.5 months and 70 to 90% of adult colonies and at least 25% 
of recruits were bleached in this period. The above cases are only few examples of the 
many bleaching events recorded in the world. 
1 • 1.2.2. Human activity: 
There is a world-wide concern on the impact of anthropogenic activities on coral reefs 
nowadays (Hughes 1994). Human activities can be identified as diving，anchoring, 
blast fishing and cyanide fishing (McManus et al 1997, Pet et al 1999, Walters and 
Samways 2001). Walters and Samways (2001) showed that Sodwana Bay, South 
Africa, received 80,000 dives per year, and 5.9% and 4.0% of hard and soft corals 
respectively were damaged by diving related causes. Out of 222 divers observed, only 
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1.63% produced clear and instant damage. The most destructive divers were 
photographers. Nine out of 10 dives by the photographers made contact damage. 
Acropora austera was the most affected coral species and hence it could be a good 
bio-monitor of diving disturbances. The effects of blast fishing, cyanide fishing and 
anchor damage were surveyed in Bolinao, Philippines from 1987 to 1990 (McManus et 
al. 1997). Approximately 1.4%, 0.4% and 0.03% of hard corals were lost by blast 
fishing, cyanide fishing and anchor damage per year respectively. The coral recovery 
rate was reduced from 3.8% to 2.4% in the presence of disturbances. Furthermore, 
reefs with patches of coral were most susceptible to damage because they were most 
easily targeted by fishermen. 
1.1.2.3 Pollution: 
Coral reefs are delicate and sensitive to human induced pollution (Sander, 1968). 
Pollution can be derived from oil spillage of grounded ships, cyanide fishing, human 
sewage and industrial pollution (Guzman et al. 1991, Edinger et al. 1998, Jones et al. 
1999). In April 1986，8,000,000 liters of oil spilled in Bahia Las Minas, Panama. 
Guzman et al (1991) conducted a survey on how oil spillage affected the reef. The 
findings showed that there were significant decreases in the number of corals, total 
coral coverage and species diversity, particularly the large branching coral Acropora 
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palmata. The growth rates of massive corals, Porites astreoides, Diploria strigosa and 
Montastrea annularis were less than that recorded in the nine previous years. Land 
based pollution also affects the health of coral reefs. Indonesian reefs that were 
subjected to sewage and/or industrial pollution had 3 0 - 50% and 40 - 60% reduction in 
their coral diversity at 3m and 10m depths respectively when compared with the 
unpolluted reefs (Edinger et al. 1998). 
1.1.2.4. Hurricanes: 
Hurricanes accompanied with strong current always cause fragmentation of coral 
colonies, especially the fragile branching ones. Hurricane Andrew, the most powerful 
storm over the last 50 years, hit Florida severely and significantly damaged the reef flat 
and the rubble zone of Elkhorn Reef (Lirman et al 1996,1997, Blair d a / . 1994). More 
than 50% oi Acropora palmata were fragmented in both zones. Lirman et al. (1996) 
showed that the subsequent winter storm, Storm of the Century on 12-13 March 1993, 
further removed the hurricane generated live A, palmata fragments. This greatly 
reduced the rates of asexual recruitment for this species. Hurricane Andrews also 
affected the offshore of Dade County, Florida (Blair et al. 1994). Their findings 
showed that 25 一 50% and 0 - 25% of soft corals were lost in offshore and inshore reef 
respectively while 38% and 23% of hard corals were lost in the offshore and inshore 
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reefs respectively. 
1.1.2.5. Sedimentation: 
Sedimentation is one of the major causes of degradation of coral reefs (Ginsburg 1993). 
Sediments that covered the corals can be accumulated from waterflow outlets, strong 
currents or activities of careless divers. Sedimentation effects varied on different corals. 
A field experiment by Wesseling et al. (1999) showed that burial of Porites spp. for 20 
hours caused discoloration of tissues. After 68 hours burial, 90% of the tissues 
bleached in the beginning and about 50% of this tissues eventually died and the 
exposed coral skeleton colonized by algae. However, the bare area was re-colonized by 
live tissues and recovered. Acropora spp. experienced total mortality after the 20 hours 
burial. This indicated thai Acropora spp. were more sensitive to sedimentation. Riegl 
(1995) observed that sedimentation only damaged the covered parts of the affected 
colonies. Those elevated lobes and finger-like projections that never contacted the 
sediments would not be affected at all. 
1.1.3. Consequences of injuries: 
Following the impact of disturbances on corals, other sessile living organisms like 
algae would invade the space given up by the corals (Hall 1997, Jaap 2000). This could 
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enhance the destruction of coral reefs. Corals have the ability to recover by 
translocation of their energy from their peripheral living tissues (Oren et al 2001, Fine 
et al 2002). The consequences of injuries are highly dependent on the nature of 
disturbances, coral recovery ability and environmental conditions. Hence the outcomes 
could be very different. 
1.1.3.1. Degradation of coral community: 
Mortality: 
Severe injuries will cause mortality if the corals fail to regenerate. Coral diseases can 
cause mortality of coral colonies. Coral diseases reduced 60% of living coral in the reef 
of the deep fore-reef at Carysfort, Florida Keys (Porter et al. 2001). Prolonged 
bleaching events are also critical to the survivorship of the corals. The mass bleaching 
event in 1991 caused 17% of Pocillopora spp. and 63% of Acropora spp. in Moorea, 
French Polynesia to die (Gleason 1993). In the particular mass and unprecedented 
bleaching event in 1998，mass mortality of coral occurred all over the world. Edwards 
et al. (2001) found that at least 98% of the branching corals in the reefs ofMadives died 
and the total coral coverage was reduced from 42% to 2%. At Sesoko Island, Japan, 
mass bleaching reduced 61% of coral species richness and 85% of coral coverage. Fine 
branching corals like Acropora spp. and Pocillopora spp. suffered most (Loya 2001). 
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Following coral mortality, the structure of the benthic community shifted. 
Change in coral community: 
Natural disturbances are recognized as highly important factors in regulating coral 
distribution (Loya 1972，Porter 1972). Evidences show that fish predation is a major 
factor controlling the community structure (Grottolo-Everett and Wellington 1997, 
Wellington 1982, Neudecker 1979). Pocillopora damicornis was transplanted to 
depths of 15 to 30m in the fore reef zone where P. damicornis did not exist naturally in 
Guam (Neudecker 1979). Chatodontid and balistid fishes preyed on transplanted corals 
heavily by removing the branch tips. This result concluded that corallivorous fishes 
were important in restricting the reef zonation. Not only predation, but also bleaching 
can highly influence coral community structure. After the mass bleaching event in 
1998, the coral community in Maldives changed from one with 95% of branching 
corals and 5% of massive corals to one with 3% of branching and 97% of massive 
corals (Edwards et al. 2001). 
Change in benthic community: 
As space is a limiting factor for sessile organisms (Dayton 1971)，other marine 
organisms will recruit on the places where corals once live. Diaz-Pulido and McCook 
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(2002) showed that a diverse community of epilithic and endolithic algae colonized the 
dead Porites skeleton. This shifted the community structure to be composed mainly of 
upright and branched filamentous algae after mass bleaching event. McClanahan 
(2000) found that the coralline and turf algae covered 68% of benthic community in 
most reefs in Maldives after the bleaching event in 1998 and the coverage of fleshy 
algae and sponge were higher than that previously reported. 
1.1.3.2. Reduction of coral fitness: 
Coral is a colonial organism (Jackson and Coates 1986). Injuries can cause partial 
mortality on the colonies and resulted in a patch of lesion surrounded by the healthy 
living tissues. The lesion can be permanently covered by competitors like algae or 
sponge (Meesters and Bak 1993). As less colony surface area can be used for predation, 
photosynthesis and reproduction, coral fitness is reduced (Hughes and Jackson 1985). 
If the injuries are not severe, coral can regenerate. However, energy is needed for 
recovery. The resources and energy originally allocated for growth and reproduction 
are diverted (Meesters et a/. 1994). Coral colony often experiences partial mortality. 
Ginsburg et al (2001) and Loya (1978) tried to quantify the level of partial mortality of 
coral colonies in Florida Reef which was potentially impacted by pollution, fishing and 
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diving. For colonies smaller than 1 m in diameter, 74% of them had 1/3 dead tissues. 
For colonies larger than 1 m in diameter, 60% of them showed 40 to 70% of partial 
mortality. Injuries could cause partial mortality in coral colony (Feingold 2001). The 
1998 bleaching events in the reefs of Galapagos Islands caused 79.2% and 34% of 
colony areas in Psammocora stellata and Pavona clavus respectively to experience 
partial mortality. 
1.1.3.3. Recovery from injuries: 
Although injuries can potentially damage coral reef, coral colonies can survive and 
recover if the damage is not severe. Regeneration rate from injuries depends on the 
growth forms of corals (Hall 1997), types of injuries (Hall 1997)，lesion sizes and 
shapes (Meesters et al. 1994, Oren et al. 1997), water depths of the colonies 
(Nagelkerken et al 1999) and even on environmental stresses experienced by the 
colonies (Meesters and Bak 1993). Results from some manipulative experiments 
showed that coral colonies could recover from different kinds of injuries. Lirman 
(2000) showed that the fragments of Acropora palmata caused by hurricanes could 
survive and fuse with the colonies if they were placed on the living colonies. Only 58% 
of the fragments that landed on the sands died in the first month. Wesseling et al (1999) 
found that Porites spp. recovered to its former integrity within few weeks after 68 hours 
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of being buried in the sediments. Although recovery is critical to the survivorship of 
the corals, recovery needs energy that would otherwise be used in growth and 
reproduction (Meesters et al 1994). Hence, the long-term effect of injuries will 
ultimately depend on the benefits and costs of regeneration. 
As a part of ecosystem, coral reefs experience different injuries all the time. Their 
capability to regenerate to their original integrity is critical for the survivorship of not 
just coral itself, but also other living organisms associated with this ecosystem. Hence, 
understanding the ability of corals to recover is critical for the conservation of coral 
reef. 
Hong Kong Special Administrative Region (HKSAR), China is located in the 
sub-tropical region, hence experiences marked seasonal temperature changes. The 
average water temperature can be as high as 28�C in summer or as low as 14�C in winter. 
As western water bodies of Hong Kong are influenced by Pearl River estuary, most of 
the scleractinian corals are found only in the eastern part of Hong Kong. Owing to the 
low winter temperature of Hong Kong, Hong Kong is a marginal place for coral growth. 
Corals in here are suspected to have reached their physico-chemical limits of tolerance 
for growth, survival and reproduction. As a result, the coral communities of Hong 
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Kong can potentially be very sensitive to disturbances. Given the rapid coastal 
development in Hong Kong, Hong Kong coral communities are under tremendous 
environmental stress. Many coral colonies suffer from different types of injuries. 
Therefore, regeneration could be a key factor regulating the survival of Hong Kong 
coral communities. Hence, knowing the regeneration rates and patterns of coral 
regeneration are important for the conservation of Hong Kong coral communities. 
Tung Ping Chau is chosen to be the study area because of its diversity and abundance of 
corals and the existence of potential disturbances. 
1.2 Study Area 
This research is conducted in an isolated island, Tung Ping Chau (22°32"N, 114°25"E) 
which is located in the north eastern part of HKSAR. The land area of Tung Ping Chau 
is 1.1km2. There are two large patches of coral communities formed around A Ye Wan 
and A Ma Wan on the east to northeastern side of the island. The coral communities 
exist mostly in the shallow water and do not extend beyond 250m from the shore (Ang 
et al. 2000). Sixty five (Ang et al 2003) species of scleractinian corals are found in 
Tung Ping Chau with some areas having living coral coverage higher than 60%. This is 
the highest coral coverage in Hong Kong. The most abundant corals in Tung Ping Chau 
are Platygyra carnosus and Platygyra acuta (more than 20% cover)，followed by 
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Porites lobata and Porites lutea with a coverage of 10 to 20% in both coral 
communities. Furthermore, Pavona decussata, Leptastrea purpurea, Leptastrea 
pruinosa, Favia spp. and Goniopora spp. are also common. 
Tung Ping Chau has been designated as the 4th Hong Kong marine park in November 
2001. These two patches of coral communities are being protected and fishing 
activities within these core areas are strictly prohibited. However, ecotourism and 
diving activities have increased since the designation of this island as a marine park. It 
has become a popular destination for weekend visitors. Increase in human disturbances 
can potentially influence the health of the coral communities. 
1.3 Objectives 
Recognizing the importance of coral recovery studies, this thesis research aimed at: 
參 studying the response and regeneration of selected Hong Kong coral species to 
natural and artificially induced injuries; 
參 investigating the general health of coral colonies in Tung Ping Chau so as to 
estimate how disturbances could affect its coral communities. 
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1.4 Thesis outline: 
This thesis is divided into six chapters. Each chapter is briefly introduced below: 
Chapter 1 General Introduction 
This chapter gives a brief introduction on the kinds of injuries corals are exposed to and 
the consequences of coral exposure to disturbances. The description of the study site 
and the objectives of this research are given. 
Chapter 2 The regeneration of artificial injuries on scleractinian corals 
This chapter describes the experiments on finding the regeneration rate and pattern of 
responses of corals to two types of artificially inflicted injuries (tissue injury and 
scraping injury). The experiments were carried out on four coral species, Porites lutea, 
Pavona decussata, Leptastrea pruinosa and Acropora digitifera. Six experiments were 
conducted in different seasons to find out seasonal differences in coral regeneration 
patterns. 
Chapter 3 The regeneration of selected coral species subjected to experimental 
breakage and toppling. 
This chapter describes the experiments on assessing the regeneration rate of artificial 
broken branches of Acropora digitifera in autumn 2002 and spring 2003. The 
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regeneration rate of artificially toppled corals, Porites lutea, Porites lobata, Platygyra 
acuta and Favia favus are described. Two toppling manipulation experiments were 
carried out in summer and winter 2002 so that the seasonal differences of toppling 
effects can be evaluated. 
Chapter 4 The regeneration of injuries from natural impacts on scleractinian corals 
This chapter provides the results of recovery monitoring of scleractinian corals that 
experienced bleaching. There were significant bleaching events on Tung Ping Chau 
corals in summer 2001. Bleached Hydnophora exesa and Montipora turgescens were 
selected and their pattern of recovery monitored. Porites lutea suffered bleaching in 
both winters of 2001 and 2002. The recovery pattern of this species was monitored in 
both years. These experiments mainly made use of the underwater Pulse Amplitude 
Modulated (PAM) fluorometry to monitor the recovery of the photosynthetic activity of 
the bleached corals. 
Chapter 5 General health conditions of selected coral species in Tung Ping Chau 
This chapter describes the general health conditions of selected coral species, Platygyra 
acuta, Porites lutea and Pavona decussata in Tung Ping Chau. The percentage of 
coverage of different types of injuries on coral surface is quantified. Monitoring was 
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conducted in A Ye Wan (AYW) for four seasons and A Ma Wan (AMW) for two 
seasons. The seasonal differences in coral health conditions were compared. 
Chapter 6 Summary and Perspectives 
This chapter gives a summary of the findings in this study and an integrated perspective 
on the significance and implications of this research. 
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Chapter 2 
The regeneration of artificial injuries on scleractinian corals 
2.1 Introduction: 
Corals are the basic elements in coral reefs. They provide food resources and habitats 
for thousands of associated living organisms. Being the framework of the ecosystem, 
corals are damaged by disturbances of different intensity and frequency. The earliest 
report describing the regenerative ability of corals to injuries was by Wood Jones 
(1907). Kawaguti (1937) first reported the regeneration behaviour of Porites spp. He 
suggested that recovery was due to the re-colonization of the injured area by the 
surrounding polyps. In the last three decades, the regeneration ability of corals has 
been documented in details and is regarded as an important and significant life history 
strategy of corals (Bak 1976, 1983, Loya 1976, Meesters and Bak 1993，1994, 1996， 
Hall 1997, 2001, Oren et al 1997, 2001). 
Injuries can originate from a great variety of sources (see Chapter 1). Competition with 
algae (Antonious 1998), predation by parrotfish, butterflyfish or gastropods (Bruckner 
et al 2000, Cumming 1999), human activities like diving and anchoring (Walters and 
Samways 2001, McManus et al 1997) and sedimentation (Ginsburg 1993) can cause 
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tissue damages on the colony surface. Abnormal water temperature and salinity, high 
irradiance, diseases (Brown 1997) and pollution (Jones et al 1999) cause mass 
bleaching of corals in many coral reefs. 
Corals are modular organisms. Their colonial arrangement allows them to sustain 
partial mortality just like the plants (Hughes and Jackson 1985). Lesions will become 
permanent features of the colony if the tissue cannot re-colonize successfully. Mortality 
will be experienced by the whole colony if the damages are too severe as well. 
However, studies have shown that colonial organisms could translocate energy and 
resources from the site of production to the site of maximal demand (Hester et al. 1994, 
Kembell et la. 1995). With the additional energy supply, colony can regenerate to its 
former integrity if the lesion is not too serious. 
Regeneration is a fundamental life history strategy in colony survival. Knowing the 
recovery patterns of coral colonies will help in the conservation of coral reef. Artificial 
injuries on coral colonies provide a useful method to monitor the regeneration ability of 
corals in details. Many significant results have already been documented (Bak 1976, 
1983; Loya 1976, Meesters and Bak 1993, 1994, 1996; Hall 1997, 2001; Oren et al 
1997，2001). 
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Most of the artificial lesion studies involved inflicting tissue and/or scraping injuries on 
the coral colony surface (Bak 1983, Hall 1997,2001; Oren et al 1997). Tissue injuries 
are tissue damage caused by the air sprayed from the SCUBA tanks while scraping 
injuries involved both tissue and skeleton lost caused by using chisels to damage the 
colony. Both injuries are attempts to simulate different natural disturbances. Tissue 
injuries simulate the death of coral polyps caused by gastropod and crown of thorns 
starfish predation, sedimentation or excessive solar irradiance. Scraping injuries, 
where superficial tissue and skeleton are damaged, simulate injuries due to human 
activities (i.e. fin and anchor scraps) or predation (fish bites) by parrot fish (Hall 1997). 
It is documented that the recovery rate of scraping injuries is faster than that of tissue 
injuries (Bak and Steward-Van 1980, Hall 1997, 2001). Furthermore, regeneration is 
fast at the beginning and the rate decreases exponentially afterwards (Bak 1980, 
Meesters et al 1994). Furthermore, polyp recovery is described as the re-colonization 
of the tissue from the surrounding undamaged tissue. Polyp and septa are formed in the 
injured area after two weeks. For those fast regenerating species such as Acropora 
palmata and Meandrina meandrites, the lesions may be covered with undifferentiated 
tissue before any polyps were observed (Meester et a/. 1994, 1997). Hall (1997) also 
showed that the lesion on Acropora spp. was rapidly covered with a fine porous layer of 
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tissue and skeleton before the development of new polyps. 
Energy is always limited in coral colony. Regeneration requires energy. This energy 
budget can be differentiated from different life mechanisms. Meesters et al (1994) 
showed that the calcification rate of Montastrea annularis was reduced significantly in 
the coral cores with artificial lesion on them. Calcification is the major process in 
growth and hence growth rate is also affected. Reproduction is the other process that 
will be sacrificed when the energy is shifted to regeneration (Van Veghel and Bak 1994). 
Oren et al (2001) showed that the rate of fecundity was lower in damaged corals. They 
concluded that such long-life span organisms preferred to allocate energy to recovery 
than to reproduction. 
Modularity can enhance the ability of colonial organisms like coral to translocate 
resources and energy continually to the demanded area in response to different stresses 
(Fine et al 2002). There are two hypotheses on the process of energy translocation. 
Meesters et al (1994) suggested that the energy used in regeneration was fueled by the 
undamaged polyps directly bordering the lesion. No matter what the colony size and 
the initial lesion size were, the lesion perimeter to lesion area was the critical factor 
determining the recovery rate. Under this hypothesis, the area of regenerated tissue per 
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lesion perimeter should be the same irrespective of the initial lesion size. Further study 
by Meesters et al (1997) showed that the area of regenerated tissue per unit of lesion 
perimeter was approximately 4.7mm2 in four different lesion area groups (83，183,243， 
406mm2). Another study also indicated the newly regenerated tissue area per unit of 
lesion perimeter to be 2.5 and 2.25 mm2mm"1 of 5 cm2 lesion and 1 cm2 lesion 
respectively (Bak and Steward-Van 1980). The other hypothesis on lesion regeneration 
is that the energy for regeneration is transferred from extended colony integration. That 
means the larger the colony is, the faster the recovery rate will be as more energy can be 
diverted into the recovery process from other parts of the coral colony. Oren et al. 
(2001) showed that only lesions smaller than 1 cm2 supported the localized 
regeneration hypothesis. Large lesions required energy from more polyps. Hence, 
there was significant reduction of fecundity in parts of the colony up to 15 cm away 
from repetitively injured lesions of 2 cm2 and 3 cm2 in size. Large colonies with large 
lesions showed faster recovery as well. 
It is well documented that the regeneration rate of a lesion can be influenced by its size 
and shape. Bak (1980) showed that when the lesion was larger than 5 cm2, no signs of 
recovery were observed after 140 days. Meesters etal. (1997) inflicted 4 circular lesion 
size groups on Montastrea annularis (83，183,243, and 406 mm2) and found that lesion 
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size larger than 130 mm2 did not recover at all. Other studies also showed that the 
larger the lesion size, the slower the regeneration rate. Some of the lesions would even 
become permanent mark of partial mortality on the coral surface (Lirman 2000, van 
Woesik 1998). The shape of the lesion is also critical to the recovery rate. Oren et al 
(1997) inflicted circular and linear lesions on the coral Favia favus. Even though the 
area was similar, the recovery rate of the linear lesion was faster than that of the circular 
one. This indicates that the higher the lesion perimeter to lesion area ratio, the faster the 
regeneration rate. 
Environmental factors will affect coral regeneration by means of reduction of coral 
fitness. Less energy can hence be allocated to the recovery process. Nagelkerken et al 
(1999) found that corals in deep water (�30m) regenerated slower than those in shallow 
water 5m). Light intensity decreased with depth and the coral colonies chosen did 
not have chlorophyll acclimatization so that less energy could be transferred to the 
regeneration process. Abnormal temperature causes bleaching in coral. Bleaching 
significantly reduces the recovery rate of coral lesion as well (Meesters and Bak 1993， 
Fine et al 2002). 
Hong Kong is a marginal place for the formation of coral reefs. High sediment runoff 
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in the western shore and low water temperature in winter probably resulted in coral 
colonies forming only patches of communities scattered in the eastern shore of Hong 
Kong, rather than extensive coral reefs. Hong Kong corals are also subject to different 
disturbances ranging from natural ones like storm, predation and bleaching as well as 
man-made ones like anchor damage and pollution. The ability for corals to regenerate 
after infliction of damage by these disturbances must be an important life history 
strategy for their survival. In this study, selected Hong Kong coral species were 
evaluated in order to examine their responses towards injury and the effects of the 
nature of lesions, coral growth form, colony size and season on these responses. 
2.2 Methods and Materials: 
2.2.1 Study site: 
This experiment was conducted in Tung Ping Chau (see Chapter 1 for detailed 
description of the study site). It has one of the most abundant coral communities in 
Hong Kong where 65 species of coral have so far been recorded. Pressure from human 
activities such as diving, snorkeling, and dumping of domestic sewage is increasing 
since its designation as a marine park. In addition, natural disturbances like gastropod 
predation, bleaching and competition with algae are also causing some degree of 
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destruction on the coral community. 
2.2.2 Species chosen: 
Porites lutea, Pavona decussata, Acropora digitifera and Leptastrea pruinosa were 
chosen for the study. Growth form is regarded as an important factor affecting coral 
regeneration rate (Hall 1997). Hence, species with different growth forms were chosen 
in this study. Porites lutea has a massive growth form, P. decussata is foliaceous, A. 
digitifera is branching while L. pruinosa has an encrusting to sub-massive growth 
forms. All colonies were found at - 1 m C.D. These coral species were chosen because 
they are abundant in Tung Ping Chau. Given the shallowness of the coral community 
they inhabit, their likelihood of being exposed to different types of disturbances 
increased. Hence, their chances of suffering from injuries are likely to be high. 
2.2.3 Tissue injury vs scraping injury: 
Only healthy colonies with no marked sign of bleaching nor predation scars were used 
in this experiment. Three replicate colonies were chosen for each coral species. For 
each colony, three tissue injuries (TI) and three scraping injuries (SI) were inflicted on 
the surface (Fig. 2.1). Tissue injuries were inflicted on the surface by compressed air 
delivered through a 2 mm nozzle connected by a low pressure hose to a SCUBA tank. 
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The pressure of the air was maintained at 12 bar and the pressurized air was sprayed 
directly on the coral surface. To control the size and shape of the lesion inflicted, a 
special template made from plastic tube and plastic sheet was used to standardize the 
square shape of the lesion with an area of 1 cm2. The plastic template was pressed 
lightly against the coral surface and the air nozzle was directed against the template so 
that all the air would be sprayed through its 1 cm2 opening without damaging the 
peripheral tissue. The spraying time was kept at 10 seconds. Scraping injuries were 
• 2 • 
inflicted with the use of hammer and chisel to create square shaped lesions lcm m area 
and 1 mm in depth. Lesions on the same coral colony were at least 5 cm apart in order 
to minimize any inter-lesion influences. Three spots at least 10 cm from the lesions 
were monitored in the same colonies to serve as the controls. It was assumed that 
responses observed in these control spots would not be influenced by lesions in the 
same colony. 
2.2.4 Effect of colony size on lesion regeneration: 
Among the colonies used in the experiments in section 2.2.3，colonies of Porites lutea 
and Pavona decussata were used to examine the effect of colony size on lesion 
regeneration rate. Colony sizes were separated into two statistically significant 
categories, large (colony height > 30 cm) vs small (colony height < 30 cm). Three 
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replicates were used in each category. Owing to the difficulties of inflicting injuries on 
small colonies of L. pruinosa and A. digitifera, they were not used in this study. 
2.2.5 Seasonal differences in lesion regeneration: 
To address the seasonal effect of lesion regeneration, similar experiments on the effects 
of type of artificial injuries (Section 2.2.3) and colony size (Section 2.2.4) on lesion 
regeneration were repeated in every season from summer 2001 to autumn 2002. The 
species used and the protocols employed in these experiments were the same as those 
described above. 
2.2.6 Monitoring of injury recovery: 
After the injuries were inflicted, the lesion area on the coral colony was monitored 
approximately every seven days until the injury had totally recovered. Close-up 
underwater video images of each lesion area were recorded. Each time, a calibrated 
ruler was used as a reference. A diving Pulse Amplitude Modulated Fluorometry (PAM) 
was used to monitor the photosynthetic activity of the lesion area before and 
immediately after the injury was inflicted and then at each monitoring visit. The 
photosynthetic activity of the controls was also monitored. The lesion was defined as 
having totally recovered when the newly formed tissue had completely extended over 
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the lesion area and could no longer be distinguished visually with the peripheral tissue. 
The controls were also used as an additional reference to the health status of the newly 
formed tissue. Video images of the control spots were also taken. 
2.2.7 Tissue thickness of the coral species: 
The tissue thickness of the four coral species, Porites lutea, Pavona decussata, 
Acropora digitifera and Leptastrea pruinosa, was measured in the laboratory. Except 
for 兑 digitifera, samples of the other three species had been collected earlier from Tung 
Ping Chau and decalcified in connection with coral reproductive studies. Five 
individual samples of each species were used in the present experiment. For A. 
digitifera, five branches were freshly collected from Tung Ping Chau, decalcified and 
preserved in 10% formalin in the laboratory. For each individual sample, the tissue 
thickness was measured five times using a caliper. 
2.2.8 Water temperature: 
Water temperature was the only physical parameter monitored in connection with these 
experiments. The seawater nutrient contents were so irregular (http://www.epd.gov.hk) 
that they were assumed to be of no relationship with the regeneration of coral colonies. 
Water temperature was measured in-situ by an underwater temperature probe (Minilog 
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TP, Vemco Inc., Halifax, Canada) in the shallow water region (-lm CD) in AYW at 
every half hour interval. Bi-weekly mean temperature was calculated as the average of 
all temperatures measured within the two-week period. 
2.2.9 Image and statistical analyses: 
Underwater images were played back in the laboratory and captured in the computer 
using, Cap View TV. The area of the lesion was calculated by the computer software, 
Image Pro-Plus 4.5. The percentage of recovery over time, the differences in the 
recovery time and the photosynthetic yield of the lesion areas as a function of injury 
types, colony size, species and seasons were analyzed statistically using SPSS 10.0. 
2.3 Results: 
Most of the artificial lesions inflicted in the experiments recovered to their normal 
integrity after certain time. Recovery began within a very short period (< 7 days) after 
the injuries were inflicted (Fig. 2.2). However, algae or sediments had chances to settle 
on the lesion area and compete with the living tissue for space (Fig. 2.3 A，B). Algae 
were found to recruit into more than 80% of the lesions subjected to TI in Porites lutea 
and 70% of the lesions subjected to TI in Pavona decussata and 64% of lesions 
subjected to TI m Acropora digitifera were settled by sediments temporarily during the 
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recovery period (Table 2.1). 
2.3.1 Regeneration pattern of artificial lesion: 
Most of the artificial lesions recovered progressively over time (Fig. 2.4 to Fig. 2.25). 
The recovery patterns varied individually depending on the injury types. There were no 
differences between large and small colonies of Porites lutea and Pavona decussata in 
the time when their lesions reached 90% recovery. Hence, their data were pooled 
together for further analyses (see section 2.3.3.1. for more details). 
2.3.1.1 Regeneration pattern of the experiments in summer 2001: 
In Porites lutea, the recovery pattern for both TI and SI varied widely among individual 
lesions (Fig. 2.4A). This indicated that some lesions exhibited faster recovery at the 
beginning while the others showed slower recovery at first. "Negative" recovery was 
recorded (up to -58% in TI and -59% in SI) as a result of further deterioration of the 
injuries, hence an increase in the lesion area, immediately after infliction. Monitoring 
for TI recovery ended after 83 days while that for SI, 74 days. 
In Pavona decussata, two recovery patterns were observed for the recovery of TI (Fig. 
2.5A). Some lesions recovered much faster at around day 10 and completely recovered 
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before day 51. The others experienced a longer recovery period (81 days) with a slower 
recovery rate. The recovery pattern of SI varied quite widely after day 20(Fig. 2.5B) 
and most of the lesions completely recovered before day 60. The recovery period for SI 
was shorter than that for TI. 
2.3.1.2 Regeneration pattern of experiments in autumn 2001: 
In Porites lutea, "negative" recovery (up to -64%) was observed in the recovery pattern 
of TI in day 8 and this pattern varied widely among individual lesions before day 64 
(Fig. 2.6A). After day 64，all individual lesions experienced at least 70% recovery but 
the recovery slowed down. The monitoring stopped at day 109 days when > 90% of the 
lesions had completely recovered. For SI, some lesions experienced 80% recovery 
around day 40 but some other lesions did not successfully recover even until 109 days 
(less than 40% of the area recovered, Fig. 2.6B). 
in 
In Pavona decussata, the recovery pattern was similar for both TI and SI (Fig. 2.7). 
"Negative" recovery up to -23% was only recorded in TI. The first TI lesion to recover 
totally was recorded in day 50 and monitoring for TI recovery ended at day 73. The 
first SI lesion that completely recovered was recorded in day 36 and monitoring ended 
at day 64. 
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In Acropora digitifera, although "negative" recovery was found already at the first 
sampling day (up to -18% at day 8), the recovery was so fast that 75% of the area of TI 
lesions had already recovered at day 22 (Fig. 2.8A). Except for one individual lesion, 
all the other lesions totally recovered within 57 days. The recovery of SI was also fast 
and the first two lesions to recover completely was recorded in day 22 (Fig. 2.8B). 
Monitoring was ended at day 43. 
In Leptastrea pruinosa, three TI lesions experienced severe "negative" recovery (up to 
-46%) at day 8 (Fig. 2.9A), but positive pattern of recovery was generally observed 
over the sampling period. In particular, one lesion recovered < 40% before day 57 but 
this increased significantly to more than 80% at day 87. For SI, the recovery pattern 
varied widely among individual lesions before day 31, but reaching a plateau starting 
from day 34. Monitoring for SI recovery ended at day 72. 
2.3.1.3 Regeneration pattern of experiments in winter 2001: 
In Porites lutea, the recovery pattern varied very widely among individual lesions (Fig. 
2.1 OA). For example, one lesion recovered > 73% while one of the others was still 
experiencing "negative" recovery (-18%) at day 39. The first lesion recovered 
36 
Chapter 2 Tissue and Scraping Injuries 
completely in day 83, but few lesions recovered < 90% even at the end of monitoring on 
day 181. For SI, two distinct recovery patterns were recorded (Fig. 2.1 OB). One set of 
lesions recovered very fast throughout the sampling period. These lesions recovered 
completely before day 97. The other set did not show any significant recovery until day 
70, and then a fast recovery pattern was recorded till the time when monitoring ended at 
day 167. 
In Pavona decussata, recovery patterns for TI did not vary widely among individual 
lesions except for a few lesions that experienced slower recovery (less than 10% 
recovery at day 60) at the beginning but faster recovery afterwards (Fig. 2.11 A). The 
monitoring was ended at day 129 when a plateau was recorded. The recovery pattern of 
SI varied widely among individual lesions (Fig. 2.11B). A plateau was never reached 
when monitoring ended at day 99. 
In Acropora digitifera, both TI and SI had a similar recovery pattern (Fig. 2.12) except 
that "negative" recovery (-12%) was recorded for TI. Furthermore, monitoring for TI 
ended at day 139 while that for SI ended at day 109. 
In Leptastrea pruinosa, the recovery pattern for individual SI lesions varied more 
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widely than that for TI lesion. The first lesion of TI recovered > 90% at day 83 while 
those of SI did so at day 53 (Fig. 2.13). Finally, monitoring for TI recovery ended at 
day 181 while that for SI ended at day 167. 
2.3.1.4 Regeneration pattern of experiments in spring 2002: 
In Porites lutea, “negative” recovery (-32%) was recorded in TI (Fig. 2.14A). The 
recovery pattern varied more widely among individual TI lesions than among SI lesions 
(Fig. 2.14). One lesion recovered completely at day 62，but another lesion experienced 
only 32% recovery at the same sampling day. For SI, the first two lesions recovered 
completely at day 48. Monitoring for SI recovery ended at day 90，which is shorter than 
that for TI (day 106). 
In Pavona decussata, the recovery patterns for both TI and SI were extremely similar 
lul 
(Fig. 2.15). They had a similar increasing trend with one lesion recovered completely 
at day 55. Recovery monitoring for both ended at day 99. 
In Acropora digitifera, the recovery pattern varied more widely among TI individual 
lesions than among SI lesions (Fig. 2.16). Monitoring for SI recovery ended after 71 
days, which was faster than that for TI (83 days). 
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In Leptastrea pruinosa, the recovery patterns followed a straight line especially for the 
TI lesions (Fig. 2.17). The recovery pattern for TI varied more widely among 
individual lesions. Some lesions remained < 80% recovered on the final sampling day. 
2.3.1.5 Regeneration pattern of experiments in summer 2002: 
Except for Leptastrea pruinosa, the TI and SI lesions of the other three species 
experienced "negative" recovery (-39% in P. lutea, -15% in P. decussata and -48% mA. 
digitifera, Fig. 2.18-2.20) early on. After that, however, there was an exponential 
increase in the recovery rate that eventually slowed down again to reach a plateau. 
Furthermore, the recovery of SI lesions in these species was faster and the patterns 
more varied among individual lesions than that for TI. 
1 in 
In Leptastrea pruinosa, there was no "negative" recovery and a plateau was recorded 
for the recovery of both TI and SI lesions after an increasing trend (Fig. 2.21). 
Recovery monitoring ended at 106 days for both types of lesions. 
2.3.1.6 Regeneration pattern of experiments in autumn 2002: 
In Porites lutea, "negative" recovery was recorded in both recovery patterns of TI and 
39 
Chapter 2 Tissue and Scraping Injuries 
SI lesions (-55% in TI and -7% in SI, Fig. 2.22). The recovery pattern of TI lesions 
varied more widely than that of SI lesions. Two lesions of TI never recovered 
completely (only 47.5% and 48% recovered at the last sampling day). Recovery 
monitoring of TI ended at day 106 while that for SI ended at day 82. 
In Pavona decussata, a plateau was observed in the recovery pattern of 丁I but not in SI. 
In TI, two lesions only recovered 75% at the last sampling day (day 106). Monitoring 
for SI recovery ended at day 63, which was almost half of that for TI. 
In Acropora digitifera, "negative" recovery (-17%) was recorded in the recovery 
pattern of TI but not in that of SI. Both patterns showed an exponential increase 
reaching a plateau before the end of monitoring. In TI, the recovery of one lesion was 
slower than that of the others and it only reached 72% recovery at the end of monitoring 
k' 
(day 93). In SI, monitoring ended at day 72. 
In Leptastrea pruinosa, both recovery patterns varied widely among individual lesions 
and with indistrict plateaus. Monitoring of TI ended at day 92 while that of SI ended at 
day 68. 
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2.3.2 Generalized recovery pattern 
For better comparison, the recovery rate for each lesion was standardized with the time 
of total recovery or the time of final sampling date being set as one and the rest being 
expressed as a fraction of this time. Recovery rate of each lesion was calculated 
independently of one another (Fig. 2.26 to Fig. 2.47). 
Recovery trends for different types of injuries inflicted in different seasons for the four 
species of corals were similar. These trends can best be described by a sigmoid curve. 
A sigmoid curve was used to fit the data shown in Figs. 2.26 to 2.47 as this type of curve 
provided the best fit in most of the cases, with the highest Coefficient of Association 
(r2). In cases where sigmoid curve did not give the highest r , the other curves used 
could provide an improvement in the r by only 1 or 2%. As lesion injuries did not 
reach 100% recovery all at the same time, this pattern is better depicted in a sigmoid 
curve. 
A recovery trend described by a sigmoid curve indicates that the recovery was 
comparatively slow at the beginning, followed by an exponential increase that 
eventually slowed down again to reach a plateau. However, a plateau was not reached 
in all cases (e.g. Figs. 2.30b, 32 and 35b). This indicates that the lesions recovered 
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completely without a decrease in their recovery rate after the exponential phase. 
2.3.3 Statistical analysis of the recovery time of the artificial lesion: 
In this experiment, the recovery of the artificial injuries was monitored at 
approximately every seven days. Because monitoring was not carried out every day, 
hence was non-continuous, the exact day by which each lesion had recovered 
completely could not be determined. Therefore, the number of days needed for the 
lesion to reach a 90% recovery was calculated from the raw data. These data are shown 
in Tables 2.2 to 2.5. Porites lutea generally took the longest time for the lesion to reach 
90% recovery. On the other hand, whether which species needed the shortest time to 
reach 90% recovery would depend on in seasons. Pavona decussata took the shortest 
time in summer and winter 2001; Acropora digitifera in autumn 2001 and 2002 and 
finally Leptastrea pruinosa took the shortest time to reach 90% recovery in spring 2001 
and summer 2002. Throughout all seasons, it took longest (the highest mean number of 
days) for the lesions in all species to reach 90% recovery in winter. These data were 
then used in all statistical analyses to compare differences in the rates of recovery under 
different treatments. Except when specifically stated, this 90% recovery time is the 
recovery time referred to in all statistical analyses and subsequent discussion. 
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2.3.3.1 Colony size vs Recovery time: 
Both tissue injury and scraping injury experiments on Porites lutea and Pavona 
decussata were conducted using corals divided into two size groups: those with the 
height of the coral colony > 30 cm as the large sized group, and those < 30 cm as the 
small sized group. Except in a few occasions, such as TI on Porites lutea in winter 
2001，spring 2002 and summer 2002, SI on P. lutea in summer 2002, TI on Pavona 
decussata in winter 2001, there was no statistically significant difference in the 
recovery time of either tissue or scraping injuries between the two size groups of coral 
colonies (Table 2.6). This being the case, the data for large and small colonies were 
pooled for further statistical analyses of coral recovery. 
2.3.3.2 Tissue injury vs Scraping injury: 
The mean 90% recovery time of corals subjected to tissue injury or scraping injury was 
compared using independent t-test (Table 2.7). Without considering the effect of 
season and species, 14 out of a total of 22 experiments showed significant difference in 
coral recovery time between these two types of injuries. It was noticeable that in two 
cases showing no significant difference, i.e. Pavona decussata in autumn 2001 and 
Leptastrea pruinosa in summer 2002, the P-values were marginal (P value was 0.067 
and 0.05 respectively). These results indicated that the recovery time of corals inflicted 
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with tissue injury was usually longer than that of those with scraping injury. 
2.3.3.3 Recovery times among species with artificial lesions: 
Porites lutea, Pavona decussata, Acropora digitifera and Leptastrea pruinosa were 
used in the artificial lesion experiments and represented colonies with massive, 
foliaceous, branching and encrusting/submassive growth forms respectively. There 
were statistically significant differences in the recovery time of corals of different 
growth forms only in winter and spring (Table 2.8). P. lutea was the species that often 
took the longest time to recover (Tukey test, P < 0.05). 
2.3.3.4 Recovery time of artificial lesions inflicted at different seasons: 
The artificial lesion experiment on four species of corals was repeated six times within 
2001 and 2002 covering two summers, two autumns, one spring and one winter. The 
recovery time of corals subjected to artificial lesion was statistically significantly 
different among seasons, with the recovery time being the longest in winter (Table 2.9). 
Except for Leptastrea pruinosa whose recovery time was the fastest in spring，the 
recovery of lesions on the other species was significantly faster in summer and autumn 
(Tukey test，P < 0.05). 
44 
Chapter 2 Tissue and Scraping Injuries 
2.3.4 Photosynthetic activity of lesions inflicted by artificial injuries: 
After the infliction of artificial lesions on the coral surface, the injured area became 
white in colour. This suggested that there was a loss of zooxanthellae caused by the 
injury. The photosynthetic activity of these lesions was recorded during every visit to 
monitor their recovery. 
Photosynthetic activities in different lesions changed over the period of their recovery. 
However, not all the detailed data showing these changes are presented in this thesis. 
Two representative samples were selected to present the photosynthetic activities over 
the recovery time. The first was the injuries in Porites lutea, which were initially 
inflicted in autumn 2002 (Fig. 2.48). Before the infliction of injuries, the 
photosynthetic quantum yield of the area that would subsequently be subjected to 
injuries was similar to that of the control (0.637 in TI, 0.651 in SI and 0.657 in control). 
After the infliction of tissue and scraping injuries, their quantum yields dropped. This 
drop was especially intensive in the lesion subjected to tissue injury (0.359 in TI，0.574 
in SI and 0.668 in control). After the experiment was set, the photosynthetic quantum 
yield then increased gradually over time. The quantum yield of lesion subjected to 
tissue injury increased significantly to become the highest, even higher than that of the 
control in day 28 (0.706). Then the quantum yield remained steady in the range of 
45 
Chapter 2 Tissue and Scraping Injuries 
0.600 to 0.700 until the final sampling day. The quantum yield of lesions subjected to 
scraping injury increased steadily from 0.574 to the highest (0.732) at day 74. Finally, 
the quantum yield of the controls remained steadily in the range of 0.600 to 0.700 
throughout the experiment except for a sudden but slight drop of yield to 0.521 in day 
105. To summarize the quantum yield pattern, the photosynthetic quantum yield of the 
lesions was distinctly different in the first few sampling dates with the highest being 
recorded for the control while the lowest being recorded for the tissue injury. 
Subsequently, the quantum yield of these different treatments became similar. There 
were about 50% of the results that showed this pattern. 
For the injuries in Leptastrea pruinosa, which were initially inflicted in autumn 2002 
(Fig. 2.49), the photosynthetic quantum yield of the area before the infliction of injuries 
was similar to that of the control (0.635 in TI, 0.670 in SI and 0.651 in control). After 
the infliction of tissue and scraping injuries, their quantum yield dropped. This drop 
was not as much as that in the case of Porites lutea (0.496 in TI, 0.603 in SI and 0.694 
in control). After the experiment was set, the photosynthetic quantum yield then 
increased gradually over time. The quantum yield of lesion subjected to tissue injury 
increased significantly to become the highest, even higher than that of control at day 22 
(0.793). Then the quantum yield became steady in the range of 0.650 to 0.750 except 
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for a sudden drop to 0.542 in final sampling day. The quantum yield of lesion subjected 
to scraping injury increased steadily from 0.603 to the highest (0.735) at day 29. 
Finally, the quantum yield of the control remained steadily in the range of 0.650 to 
0.700 except for a sudden drop to 0.581 in the final sampling day. To summarize, the 
photosynthetic quantum yield of the lesions was only distinctly different from that of 
the control at the time when the injuries were inflicted. After that, their quantum yield 
became similar. This pattern was exhibited by about half of the colonies examined. 
For comparison purposes, readings taken on the day before and immediately after the 
infliction of the injury, and at the point in time when the lesion recovery was nearest to 
50% and finally when the recovery was nearest to 90%, are given in Tables 2.10 to 2.13. 
These were the data used in the statistical analyses. Suppression of photosynthetic 
activities (measured as quantum yield by PAM) was an indication of the disturbance 
caused by artificial injuries and any differences in the photosynthetic activities were 
evaluated statistically using Mann Whitney U test (Table 2.14). In Porites lutea, the 
quantum yield of the lesions was all significantly lower than that before the infliction. 
In Pavona decussata, except for the experiments in autumn 2002, the quantum yield of 
the lesions in all other experiments was also significantly lower after the infliction. In 
Acropora digitifera and Leptastrea pruinosa, there were four and three experiments 
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respectively that did not show significant differences in the quantum yield of the lesion 
before and after the infliction. 
After infliction of the artificial lesions, the photosynthetic quantum yield of the lesions 
(tissue injury and scraping injury) was significantly lower than that of the control in 
most cases (Table 2.15，one way ANOVA; p < 0.05). A few exceptions being that of A. 
digitifera in autumn 2001 and spring 2002 and L. pruinosa in spring 2002. A 
comparison was also conducted using one way ANOVA (tissue injury vs scraping 
injury vs control) when the lesions reached 90% recovery. Most of the cases showed no 
significant difference except in the comparisons of P. lutea in autumn 2002; P. 
decussata in winter 2001 and spring 2002 and L. pruinosa in winter 2001 (Table 2.16). 
• i l l 
2.3.5 The tissue thickness of coral species: 
I 
Data on the tissue thickness of the selected coral species are presented in Fig. 2.50. As 
tissue of A. digitifera was cylindrical in shape, half thickness of the whole branch was 
used to compare with that of the others. The results showed that the tissue of L. 
pruinosa was the thickest (5.9mm) and that of P. decussata was the thinnest (1.8mm) 
while that of P. lutea (3.4mm) and 4^. digitifera (3.8mm) was comparable. 
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2.3.6 Water temperature in Tung Ping Chau: 
The water temperature in AYW, Tung Ping Chau under - 1 m C.D. was recorded from 
July 2001 to July 2003 (Fig. 2.50). Temperature was the highest in every summer 
(29°C to 31 0C) and the lowest in every winter ( 1 5 � C to 16°C). 
2.4 Discussion: 
In this study, injuries were artificially inflicted on the coral colonies. Using these types 
of confined injuries, the damage and recovery process can be monitored systemically so 
that objective results on coral responses to injuries can be obtained. The results of this 
study provided information on the general recovery pattern of different types of lesions 
inflicted under controlled conditions in different coral species and in different seasons. 
y j| 
2.4.1 Rate of recovery in the artificial lesions: 
li 
Recovery rate is an important factor to consider in coral ability to survive damage. The 
rate was usually found to be exponential increasing, followed by a gradual decrease 
until an asymptote was reached (Meesters et al. 1994，1997). Bak (1983) had 
successfully fitted the recovery pattern into a log transformed lesion area over time plot, 
indicating that the recovery rate was very fast in the beginning, but eventually slowed 
down exponentially. In this study, the rate was usually slow at the beginning, but 
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increased exponentially thereafter before gradually decreasing again until reaching an 
asymptote. However, in some cases, although a sigmoid curve was fitted into the trend, 
it looked rather like a straight line than a sigmoid line. Individual variations among 
colonies are too large to show a very consistent pattern as many other factors could also 
affect the recovery rate. Recruitment by algae and sedimentation are some of the 
factors that could affect the recovery rate of the lesions. 
The difference in the recovery rate shown in this study as compared with that in other 
works done by other researchers was the negative recovery recorded at the beginning of 
the lesion recovery. Injured area became larger immediately after artificial infliction. 
The peripheral tissue could be slightly damaged by the compressed air during treatment 
or could be colonized by the filamentous algae. Negative recovery was also 
documented by Oren et al. (1997). Their findings showed that algae could easily 
I 
colonize or sediments could accumulate on the lesion if the lesion perimeter to lesion 
surface area ratio was low. As a result, the lesion area would become larger afterwards. 
They suggested that there should be a threshold of wound size and shape (i.e. lesion 
perimeter to lesion surface area ratio). Once the ratio was over the limit, the lesions 
would be greatly affected by algae or sediments, resulting in the enlargement of the 
lesion size. 
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Competition between algae or sediments with coral polyps in the lesion space inflicted 
by artificial injuries was often observed in this study. More than 70% of tissue injuries 
on Porites lutea and Pavona decussata were settled by algae. In some cases, algae and 
sediment co-existed on the lesion surface. In the presence of these "colonizers", not 
only the recovery rate would be affected, but also scars or hollows might be left at the 
centre of the lesion. As a result, the injuries could not fully recover. Neoplasia would 
be formed in the lesion after settlement by algae as well. Bak (1983) recorded 
neoplasia on the artificial lesion of Acropora palmata. Neoplasia was a swollen 
tumor-like lobe formed with polyps and tissue inside and around an injury. This 
phenomenon was found only occasionally in the lesion of TI experiment on P. lutea, the 
species whose injuries were colonized by the algae most in this study. More detailed 
|i 
I 
study should be conducted in order to explore the mechanism behind the formation of 
p 
neoplasia. 
2.4.2 Effects of colony size on the recovery of the artificial lesion: 
In general, the colony size did not affect the recovery rate of both types of artificial 
lesion on the coral colonies in this study. Although there were 5 out of 20 comparisons 
showing significant differences in the recovery rate of lesions in different sized 
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colonies, there were no particular patterns in these comparisons (e.g. seasonal 
differences, injury types differences or species differences). As a result, colony size 
was not considered as a factor affecting the recovery rate of the artificial lesions. This 
supported the argument that the energy resources for regeneration were only provided 
by the limited peripheral tissue around the lesion. Bak (1980) first described that the 
colony size did not influence the recovery rate of the lesion. The recovery rate of the 
lesions would be diminished only if the colonies are too small. After the particular 
threshold of the colony size has been reached, this factor became less important. 
Meesters et al (1994) further suggested that the independence of recovery rate from the 
colony size was the consequence of localized regeneration. This hypothesis suggested 
that the regeneration of the lesion was fueled only by the peripheral healthy tissue. As a ! 
result, the lesion perimeter was the most critical factor that determined the recovery rate 
I 
of the lesion. Consequently, the factor of colony size was useless in the determination 
p 
of regeneration rate unless the size was extremely small. 
On the contrary, Oren et al (2001) proposed that colony size was an important factor in 
# ^ 2 2 • determining the recovery rate. In their study, lesions of 1 cm , 2 cm and 3 cm in area 
were inflicted on Favia favus. Although there were no significant differences in the 
regeneration rate of the 1 cm2 lesion on both large and small sized coral colonies, the 
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lesions with area of 2 or 3 cm2 on large coral colonies recovered significantly faster 
than those of small coral colonies. They explained that 1 cm lesion might be too small 
to trigger the large sized coral colonies to release more energy from other polyps to the 
lesion area. Furthermore, repeated injuries inflicted on the same polyps of large coral 
colonies caused a significant lowering in the fecundity of polyps up to 15 cm away 
from the lesion. This suggested that energy utilized in the recovery of lesion was not 
invested only by the peripheral polyps immediately around the lesion. Hence, large 
coral colonies would translocate more energy from other parts of the colony to the 
lesion to increase the recovery rate of the lesion. Other studies also suggested that the 
feeding capabilities and the rate of gaseous exchange in large coral colonies were 
comparatively greater than those in small colonies. Hence, the recovery rate of lesions 
on large sized coral should be faster than that in small sized coral (Connell 1973, 
Hughes and Jackson 1985). 
I 
In this study, the results lent more support to the first hypothesis, i.e. recovery rate of 
the lesions was independent of the coral colony sizes. However, only 1 cm lesion was 
inflicted on colonies of different sizes. According to the study by Oren et al (2001), the 
lesion size in the present study might not exceed the threshold limit of the colony in 
order to trigger an energy translocation further away from the lesion. In order to clarify 
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this ambiguous situation, further study with larger lesions or different lesion shapes 
should be carried out on different colony sizes. 
2.4.3 Recovery of different injury types: 
The response of corals towards different types of damage: tissue damage (tissue injury, 
TI) and skeleton and tissue damage (scraping injury, SI), was examined in each colony. 
Except for the mean recovery time in the small colony of Porites lutea in summer 2001 
experiment (49.88 days in TI, 55.17 days in SI), the average recovery time of scraping 
injury in all experiments was faster than that of tissue injury (Tables 2.2 — 2.5; e.g. 154 
days in TI vs 137 days in SI of P. lutea in winter 2001, 56 days in TI vs 43 days in SI of 
I 
P. decussata in summer 2002, 56 days in TI vs 41 days in SI of A. digitifera in autumn 
2002 and 127 days in TI vs 98 days in SI of L. pruinosa in winter 2001). The results 
also showed the recovery times of scraping injury in 14 out of 22 experiments to be 
lm 
statistically significantly faster than that of tissue injury (Table 2.7). 
These findings are generally similar with those carried out before in other coral species, 
e.g. Bak and Steward-Van (1980)，Hall (1997，2001). Types of damage are one of the 
important factors that affect the regeneration ability of coral colonies. Hall (1997) 
pointed out that scraping injury was the superficial loss of the tissue and skeleton. The 
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underlying tissue produced mucus to protect the lesion. Mucus was found to be a 
deterrent to protect the coral from the settlement of the colonizers (Benson et al 1978). 
Therefore, the chances of the coral being colonized by algae or barnacles were 
minimized and the lesion could regenerate under relatively favoured environments. In 
comparison, there was an extensive loss of tissue in the lesion area in tissue injury. As 
the underlying tissue was damaged, no mucus was produced to protect the lesion. 
Thereby, it would be easier for algae to settle on the lesion and coral needed extra 
energy, resources and time to compete for the space with the algae. As a result, 
recovery rate of tissue injury was slower than that of scraping injury. 
I 
In this study, around 81%, 71%, 38% and 12% of the tissue injured lesions m Porites 
lutea, Pavona decussata, Acropora digitifera and Leptastrea pruinosa respectively 
were found to be settled by algae, but this happened only to 10%, 4%, 7% and 1% 
ti 
respectively of the scraped lesions. These differences indicated that tissue injury 
required more energy from the corals to compete with the settled algae and hence its 
recovery time should be lower than that for scraping injury. Not only does competition 
lower the recovery rate, sedimentation can also influence the recovery rate of the 
artificial lesion. Mucus secretion is a strategy used by corals to trap and remove 
sediments (Hubbard and Pocock 1972). As no mucus was produced in tissue injury, 
55 
Chapter 2 Tissue and Scraping Injuries 
sediments accumulated on the lesion. As a result, around half of the tissue injuries in P. 
decussata, A. digitifera and L. pruinosa in all experiments were settled by sediments. 
Since coral colonies required extra energy to clear sediments (Dallmeyer et al. 1982), 
the recovery rate of lesion on coral colonies decreased. Despite the high amount of 
sedimentation on 26% of lesions subjected to scraping injuries in L. pruinosa, only less 
than 5% of the scarping lesions in other species suffered from sedimentation. This 
indicated that sedimentation was not a serious problem on the scraped lesions of most 
of the experimental species. In addition, with competition with algae seldom occurring 
in scraping injuries in all species, it is not difficult to understand how the regeneration 
ability of scraping lesions could be greater than that of lesions inflicted by tissue injury. 
2.4.4 Interspecific differences on regeneration: 
Different morphological strategies have been employed by marine sessile organisms to 
optimize their existence in the coral reef (Jackson 1979). Massive or sub-massive 
corals have often been described as slow-growing, sexually reproducing species while 
branching corals are fast growing, and recruiting asexually by fragmentation (Bak and 
Engel 1979). As a result, corals of different morphologies might have variable 
regeneration abilities. In this study, the experiments in winter and spring showed 
significant difference in the recovery time of different species but not for experiments 
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in summer and autumn. This seemed to indicate that the regeneration ability from 
lesions for different species differed under different seasonal conditions. The 
non-significant difference in the recovery time between summer and autumn 
experiments may be due to the favourable conditions in these seasons, such as suitable 
temperature range (27°C to 30°C), that enhanced the regeneration ability of different 
species. Thereby, optimized recovery rate was reached so that there was no difference 
in the rate of regeneration among different species in summer and autumn. On the other 
hand, the significant difference in the recovery time between species in winter and 
spring experiments may be due to the unfavourable conditions in these seasons, such as 
cold water temperature (16°C to 18°C), that reduced the regeneration ability of different 
species. Thereby, minimized recovery rate was reached so that there was difference in 
the rate of regeneration among different species in winter and spring. 
Jackson (1979) suggested that the commitments of marine sessile organisms to the 
point of attachment could be determined by morphological parameters. They were 
tissue volume / tissue surface area ratio, skeletal volume / tissue area ratio, encrusted 
substratum area / tissue area ratio, shaded substratum area / tissue area ratio， 
circumference along substratum / tissue area ratio, distance along substratum / tissue 
area ratio, height / tissue area ratio and holes (spaces in between the projections of the 
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organisms). As tissue is only restricted to the coral surface, tissue volume / tissue 
surface area ratio (i.e. tissue thickness) is not applicable to the corals when comparing 
their commitment to their point of attachment with that of other sessile organisms. 
Different growth forms represented different commitment to the point of attachment 
(tree > plates > mounds > sheets) and runners and vines belonged to fugitive strategy. 
For organisms with high commitment to the point of attachment (e.g. organisms with 
sheet-like morphology), mortality of small surface area would increase the proportion 
of tissue in contact with the substratum and hence, the mortality of the surrounding 
zooids increases because of colonization by other organisms into the newly killed area. 
As this cost is severe, the organisms would invest more resources to regeneration. Hall 
(1997) adopted Jackson's hypothesis and further suggested that the regeneration ability 
j r 
of corals decreased following the gradient of morphological differences: arborescent 
(tree) > bushy (tree) > tabular (plate) > massive (mounds) > submassive (sheet). 
pi 
In the present study, the experiments in winter and spring showed that the regeneration 
ability of different coral species was put to a greater test under stressful conditions. The 
rate of recovery observed in this study followed the order of Acropora sp. (branching) > 
Leptastrea sp. (submassive) > Pavona sp. (foliaceous) > Porites sp. (massive). The 
regeneration ability of the massive coral Porites lutea was the weakest, while Acropora 
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digitifera had a very fast recovery rate. P. lutea is a common massive coral in Hong 
Kong while A. digitifera is an uncommon branching coral. The order of recovery rate 
of corals of branching vs. massive corals examined in this study appeared to follow that 
predicted by Jackson's hypothesis (Jackson 1979). Furthermore, Bak (1983) also 
suggested that branching corals like Acropora spp. recovered very rapidly from small 
lesion. Hall (1997) also showed branching corals recovered significantly faster than the 
massive corals from injuries. 
Leptastrea pruinosa is a sub-massive to encrusting coral species in Tung Ping Chau. Its 
regeneration ability was quite high when compared with that of the other corals. This 
behaviour is contradictory to the order of recovery rate suggested by Hall (1979) (i.e. 
submassive coral recovers the slowest). The regeneration of lesions is suspected to be 
related to the coral's tissue thickness. Some coral species are fleshier than the others 
IIIIIII 
(Veron 1986). The tissue of L. pruinosa was the thickest among the species examined 
in this experiment (5.9mm, Fig. 2.51). The air sprayed tissue injury and the one mm 
deep scraping injury removed comparatively less proportion of its tissue than they did 
in other species tested. As a result, its thick underlying tissue could have provided 
more protection to the lesion than would be the case in other species to enhance its 
regeneration ability. The regeneration ability of foliaceous corals has not been 
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described by Jackson's hypothesis. In the present study, the recovery ability of Pavona 
decussata is in between that of P. lutea and L. pruinosa. This indicates that the 
commitment of P. decussata to the point of attachment may be slightly greater than that 
of P. lutea. However, the tissue depth of P. decussata is the thinnest among all tested 
species (1.8mm). This is a factor that suppresses the regeneration ability of the corals 
even if they may have great commitment to their point of attachment. In order to 
include this factor into Jackson's hypothesis, tissue volume / tissue surface area ratio 
(i.e. tissue thickness) should be taken into account if comparison of the regeneration 
ability is to be made among coral species. Therefore, although L. pruinosa has weak 
• -
commitment to their point of attachment, its thick tissue layer would increase its 
regeneration ability. On the other hand, for P. decussata, its regeneration ability should 
r 
be hampered by its thin tissue layer. Jackson's hypothesis can thus be modified to 
consider tissue thickness as a factor to distinguish the regeneration ability of coral 
1 
pi 
species. All factors being constant, corals with thick layer should be able to regenerate 
better than those with thin tissue layer. 
2.4.5 Seasonal differences in the recovery time of artificial lesions: 
The results of one-way ANOVA showed that the mean time of recovery for all species 
is significantly different under either type of artificial lesions (Table 2.9). The recovery 
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time in winter experiments was the longest of all experiments (Tukey test P < 0.05). In 
winter 2001, the mean sea water temperature ranged from 16�C to 20°C and the 
minimum temperature of 16°C lasted for a month from January to February. Abnormal 
temperature put the coral colonies under stress and bleaching happened (Brown 1997). 
As temperature significantly affected the coral life history strategies, such as growth 
rate and calcification rate (Howe and Marshall 2002), low sea water temperature in 
winter is suggested to suppress some normal physiological activities in coral colonies. 
Thereby, only limited energy was available to be used in maintaining the life of the 
coral and no extra energy was available for recovery. As a result, the recovery rate of 
artificial lesion was reduced. In Porites lutea particularly, a few colonies were even 
bleached in the winter experiments, indicating that these colonies were under 
— I 
Bleaching was the result of the dissociation of the symbiotic zooxanthellae with the 
colony hosts. This reduced the photosynthetic activity of the coral and hence less 
energy was available for certain activities of the corals. Bleaching affected the 
regeneration ability of the coral. Meesters and Bak (1993) found that the rate of tissue 
growth and the recovery rate of lesion area were significantly lower in bleached 
Montastrea annularis than in non-bleached colonies. In certain case, bleaching stopped 
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the recovery of the lesion (Fine et al 2002). Their findings indicated that only artificial 
lesions on non-bleached and partially bleached Oculina patagonica recovered but not 
the lesion on the totally bleached colonies. By using 14C tracer, translocation of energy 
up to a distance of 4 - 5 cm in unbleached colonies was detected, but not in the partially 
bleached colonies. This was the reason behind the low recovery rate of the partially 
bleached colonies. In the present study, bleaching in Porites lutea was recorded in the 
winter experiment because of low water temperature (16°C). As a result, the recovery 
rate of the lesion on P. lutea in winter experiment was the slowest among all studies. 
2.4.6 Photosynthetic activity of the artificial lesions: 
Photosynthetic activity on corals artificially inflicted with physical injuries has seldom 
_ 〜 。 _ _ 一 I 
removed partially when the artificial lesion was inflicted. Thereby, the rate of j j 
photosynthesis in the lesion was expected to be lower. 
Damages such as bleaching or exposure to cyanide poisoning reduce the photosynthetic 
activity of the colonies (Jones et al. 1999，Fitt et al. 2001). If the stresses continue, 
coral will experience partial mortality eventually. In this study, a drop in quantum yield 
in the lesion was recorded after physical injuries were inflicted. In Porites lutea and 
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Pavona decussata, the quantum yields of the lesion area before the infliction were 
significantly higher than those measured after the infliction. Both tissue and scraping 
injuries removed large quantity of zooxanthellae so that the photosynthetic activity in 
the inflicted region decreased dramatically. This indicated that in Porites lutea and 
Pavona decussata, the damage to the inflicted region was very serious. On the other 
hand, artificial injuries did not appear to cause severe damage on some experimental 
colonies of Acropora digitifera and Leptastrea pruinosa. As these two species had 
thicker tissue layer, the ratio of tissue removed with the tissue depth was relatively 
smaller than that in the other two species. Although there was visual damage on the 
lesion regions, only the thin upper tissue layer was damaged and hence the 
photosynthetic quantum yield of the lesion area remained unchanged. 
The lesion area of the sampled coral colonies was monitored continually until the j 
injuries were healed. Meanwhile, the photosynthetic activities of both types of injuries 
and the healthy tissue (control) were recorded as well. The quantum yield of the 
injuries usually dropped immediately after the infliction of lesions. Later on, as 
recovery took place, the quantum yields of both injuries increased steadily. Eventually, 
the yields of the recovered region would be similar to that of the healthy tissue. 
Statistical results showed that there were significant differences between the quantum 
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yields of the two injury types and the control after being inflicted of the injury. In 
general the quantum yields followed the order of control > scraping injuries > tissue 
injuries. Scraping injuries resulted only in superficial loss of tissue whereas in tissue 
injuries, there was an extensive loss of the tissue. Hence, the degree of loss of 
zooxanthellae must be different. With the damage of the tissue injuries being more 
extensive, the resulting photosynthetic activity was the lowest. However, the quantum 
yield of a few comparisons in A. digitifera and L. pruinosa expressed a sequence as 
control > tissue injuries > scraping injuries. Because of the thick tissue depth of these 
two species, tissue and scraping injuries applied on the colonies are likely to remove a 
similar proportion of tissue layer. This resulted in the photosynthetic activity of the 
tissue injury to be similar with or even higher than that of the scraping injury. No 
significant differences between the quantum yields of the lesions and controls were 
recorded in these two species as well. This further proved that the artificial injuries did 
In 
not cause a sufficient damage on these species. 
When the lesions reached 90% recovery, their photosynthetic activity was expected to 
be similar with the control. Except in four cases, the quantum yield of the lesions met 
the expectation. In those exceptional cases, three of them were studied in winter or 
spring. The low water temperature in these seasons might suppress the photosynthetic 
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activity of the lesion area even though the lesions had already reached 90% recovery 
and hence the quantum yield of the lesion was still lower than that of the control. One 
of the exceptional cases was studied in autumn. The quantum yield of the control was 
the lowest in this case. This indicated that the lesions recovered and the photosynthetic 
activity in the lesion area was even higher than that in the normal colony regions. 
2.4.7 Difficulties and significance of the experiments: 
Many factors could affect the recovery rate of the artificial lesion in corals. In the 
present study, random factors like algal recruitment or sedimentation may contribute to 
the high variation in recovery rates observed in this study. Therefore, in-situ 
experiments are constrained in monitoring the optimal recovery of corals. Ex-situ study 
• ^ • 
can then be conducted in the laboratory under controlled water temperature, nutrient 
levels or algae density so that the optimal regeneration ability of the corals can be 
revealed. Furthermore, the influence of each factor can be exclusively monitored under 
the controlled environment. When combined with the results of regeneration ability of 
corals under real environments (i.e. complex factors), a better understanding of the 
regeneration ability of the corals could be achieved. 
Most of the artificial lesions inflicted on corals in this study recovered within a 
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reasonable period. The shortest was a month in summer experiment while the longest 
was six months in winter experiment. Hong Kong is a marginal place for corals. Hence, 
these corals may be able to withstand more stresses. However，the size of the artificial 
lesion in this study was only limited to 1 cm2. In reality, the lesion could be much larger 
and more lesions may be inflicted on the same colony. Thereby, from the conservation 
and management perspective, it is strongly recommended that human activities such as 
diving and boating in the coral communities should be limited if the colonies were 
under stress such as under low temperature in winter and when they experience 
extensive bleaching in the summer. It is because any massive physical destruction on 
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Fig 2.1 An example of a newly inflicted artificial lesion on the coral Porites lutea. (A) 
Tissue injury inflicted by a compressed air gun. (B) Scraping injury inflicted by chisels. 
Both injuries were inflicted as a standard square-shaped 1 cm2 wound. 
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Fig 2.2 The recovery pattern of tissue injury on a colony of Porites lutea, the injury 
was inflicted by compressed air in summer experiment 2002. (A) At day 0, all tissue 
was lost in the lesion area, but the skeleton was not damaged. (B) At day 9, algae 
settled on the center of the lesion and the skeleton collapsed. (C) At day 19, 
recovery proceeded and the peripheral tissue closed in progressively. Algae started 
to disappear, as a result of losing the competition with the coral tissue. (D) At day 
29, all the algae disappeared and only a narrow hollow remained in the lesion. (E) |J 
At day 43, tissue started to recolonize into the lesion region and polyps were 
formed. (F) At day 61，near complete recovery of the lesion. Polyps were extended 
and were as healthy as those in the peripheral un-damaged tissue. Only a few 
remaining polyps were not of normal colouration as the peripheral tissues. 
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I 
Fig 2.3 Pictures showing (A) Filamentous algae found settled on the artificial 
• • • ||f 
lesion in Porites lutea. (B) In Pavona decussata, artificial lesions created 
rooms for sediments to accumulate on them. 
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Fig. 2.4 Percentage recovery over time of lesions from (A) tissue injury and (B) 
scraping injury in Porites lutea. The injuries were initially inflicted in summer 2001. 
Number of lesions subjected to tissue injury or scraping injury monitored repeatedly = 
15 in five individual coral colonies. 
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Fig. 2.5 Percentage recovery over time of lesions from (A) tissue injury and (B) 
scraping injury in Pavona decussata. The injuries were initially inflicted in summer 
2001. Number of lesions subjected to tissue injury or scraping injury monitored 
repeatedly = 15 in five individual coral colonies. 
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Fig. 2.6 Percentage recovery over time of lesions from (A) tissue injury and (B) 
scraping injury in Porites lutea. The injuries were initially inflicted in autumn 2001. 
Number of lesions subjected to tissue injury monitored repeatedly = 17 or scraping 
injury monitored repeatedly = 18 in six individual coral colonies. 
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Fig. 2.7 Percentage recovery over time of lesions from (A) tissue injury and (B) 
scraping injury in Pavona decussata. The injuries were initially inflicted in autumn 
2001. Number of lesions subjected to tissue injury or scraping injury monitored 
repeatedly = 9 in three individual coral colonies. 
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Fig. 2.8 Percentage recovery over time of lesions from (A) tissue injury and (B) 
scraping injury in Acropora digitifera. The injuries were initially inflicted in autumn 
2001. Number of lesions subjected to tissue injury or scraping injury monitored 
repeatedly = 6 in two individual coral colonies. 
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Fig. 2.9 Percentage recovery over time of lesions from (A) tissue injury and (B) 
scraping injury in Leptastrea pruinosa. The injuries were initially inflicted in autumn 
2001. Number of lesions subjected to tissue injury or scraping injury monitored 
repeatedly = 15 in five individual coral colonies. 
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Fig. 2.10 Percentage recovery over time of lesions from (A) tissue injury and (B) 
scraping injury in Porites lutea. The injuries were initially inflicted in winter 2001. 
Number of lesions subjected to tissue injury or scraping injury monitored repeatedly = 
15 in five individual coral colonies. 
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Fig. 2.11 Percentage recovery over time of lesions from (A) tissue injury and (B) 
scraping injury in Pavona decussata. The injuries were initially inflicted in winter 
2001. Number of lesions subjected to tissue injury monitored repeatedly = 15 in five 
individual coral colonies, number of lesions subjected to scraping injury monitored 
repeatedly = 12 in four individual coral colonies. 
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Fig. 2.12 Percentage recovery over time of lesions from (A) tissue injury and (B) 
scraping injury in Acropora digitifera. The injuries were initially inflicted in winter 
2001. Number of lesions subjected to tissue injury or scraping injury monitored 
repeatedly = 9 in three individual coral colonies. 
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Fig. 2.13 Percentage recovery over time of lesions from (A) tissue injury and (B) 
scraping injury in Leptastrea pruinosa. The injuries were initially inflicted in winter 
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Fig. 2.14 Percentage recovery over time of lesions from (A) tissue injury and (B) 
scraping injury in Porites lutea. The injuries were initially inflicted in spring 2002. 
Number of lesions subjected to tissue injury monitored repeatedly = 17 or scraping 
injury monitored repeatedly = 18 in six individual coral colonies. 
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Fig. 2.15 Percentage recovery over time of lesions from (A) tissue injury and (B) 
scraping injury in Pavona decussata. The injuries were initially inflicted in spring 
2002. Number of lesions subjected to tissue injury or scraping injury monitored 
repeatedly 二 9 in three individual coral colonies. 
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Fig. 2.16 Percentage recovery over time of lesions from (A) tissue injury and (B) 
scraping injury in Acropora digitifera. The injuries were initially inflicted in spring 
2002. Number of lesions subjected to tissue injury or scraping injury monitored 
repeatedly = 9 in three individual coral colonies. 
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Fig. 2.17 Percentage recovery over time of lesions from (A) tissue injury and (B) 
scraping injury in Leptastrea pruinosa. The injuries were initially inflicted in spring 
2002. Number of lesions subjected to tissue injury or scraping injury monitored 
repeatedly = 9 in three individual coral colonies. 
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Fig. 2.18 Percentage recovery over time of lesions from (A) tissue injury and (B) 
scraping injury in Porites lutea. The injuries were initially inflicted in summer 2002. 
Number of lesions subjected to tissue injury or scraping injury monitored repeatedly = 
18 in six individual coral colonies. 
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Fig. 2.19 Percentage recovery over time of lesions from (A) tissue injury and (B) 
scraping injury in Pavona decussata. The injuries were initially inflicted in summer 
2002. Number of lesions subjected to tissue injury monitored repeatedly 二 15 in five 
individual coral colonies, number of lesions subjected to scraping injury monitored 
repeatedly = 18 in six individual coral colonies. 
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Fig. 2.20 Percentage recovery over time of lesions from (A) tissue injury and (B) 
scraping injury in Acropora decussata. The injuries were initially inflicted in summer 
2002. Number of lesions subjected to tissue injury monitored repeatedly = 8 or 
scraping injury monitored repeatedly = 9 in three individual coral colonies. 
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Fig. 2.21 Percentage recovery over time of lesions from (A) tissue injury and (B) 
scraping injury in Leptastrea pruinosa. The injuries were initially inflicted in summer 
2002. Number of lesions subjected to tissue injury or scraping injury monitored 
repeatedly = 9 in three individual coral colonies. 
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Fig. 2.22 Percentage recovery over time of lesions from (A) tissue injury and (B) 
scraping injury in Porites lutea. The injuries were initially inflicted in autumn 2002. 
Number of lesions subjected to tissue injury monitored repeatedly = 15 in five 
individual coral colonies, number of lesions subjected to scraping injury monitored 
repeatedly = 18 in six individual coral colonies. 
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Fig. 2.23 Percentage recovery over time of lesions from (A) tissue injury and (B) 
scraping injury in Pavona decussata. The injuries were initially inflicted in autumn 
2002. Number of lesions subjected to tissue injury or scraping injury monitored 
repeatedly = 18 in six individual coral colonies. 
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Fig. 2.24 Percentage recovery over time of lesions from (A) tissue injury and (B) 
scraping injury in Acropora digitifera. The injuries were initially inflicted in autumn 
2002. Number of lesions subjected to tissue injury or scraping injury monitored 
repeatedly 二 9 in three individual coral colonies. 
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Fig. 2.25 Percentage recovery over time of lesions from (A) tissue injury and (B) 
scraping injury in Leptastrea pruinosa. The injuries were initially inflicted in autumn 
2002. Number of lesions subjected to tissue injury or scraping injury monitored 
repeatedly = 9 in three individual coral colonies. 
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Fig. 2.26 Percentage recovery over time of lesions from (a) tissue injury and (b) 
scraping injury in Porites lutea. The injuries were initially inflicted in summer 2001. 
The recovery time for each lesion was standardized with the time of total recovery or 
the time of final sample date being set as 1 and the rest being expressed as a fraction 
of this time. Number of lesions subjected to tissue injury or scraping injury 
monitored repeatedly = 15 in five individual coral colonies over a period of 83 days. 
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Fig, 2.27 Percentage recovery over time of lesions from (a) tissue injury and (b) 
scraping injury in Pavona decussata. The injuries were initially inflicted in summer 
2001. The recovery time for each lesion was standardized with the time of total 
recovery or the time of final sample date being set as 1 and the rest being expressed as 
a fraction of this time. Number of lesions subjected to tissue injury or scraping injury 
monitored repeatedly = 15 in five individual coral colonies over a period of 81 days. 
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Fig. 2.28 Percentage recovery over time of lesions from (a) tissue injury and (b) 
scraping injury in Porites lutea. The injuries were initially inflicted in autumn 2001. 
The recovery time for each lesion was standardized with the time of total recovery or 
the time of final sample date being set as 1 and the rest being expressed as a fraction 
of this time. Number of lesions subjected to tissue injury monitored repeatedly = 17 
or scraping injury monitored repeatedly = 18 in six individual coral colonies over a 
period of 109 days. 
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Fig. 2.29 Percentage recovery over time of lesions from (a) tissue injury and (b) 
scraping injury in Pavona decussata. The injuries were initially inflicted in autumn 
2001. The recovery time for each lesion was standardized with the time of total 
recovery or the time of final sample date being set as 1 and the rest being expressed as 
a fraction of this time. Number of lesions subjected to tissue injury or scraping injury 
monitored repeatedly = 9 in three individual coral colonies over a period of 73 days. 
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Fig. 2.30 Percentage recovery over time of lesions from (a) tissue injury and (b) 
scraping injury in Acropora digitifera. The injuries were initially inflicted in autumn 
2001. The recovery time for each lesion was standardized with the time of total 
recovery or the time of final sample date being set as 1 and the rest being expressed as 
a fraction of this time. Number of lesions subjected to tissue injury or scraping injury 
monitored repeatedly = 6 in two individual coral colonies over a period of 57 days. 
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Fig. 2.31 Percentage recovery over time of lesions from (a) tissue injury and (b) 
scraping injury in Leptastrea pruinosa. The injuries were initially inflicted in autumn 
2001. The recovery time for each lesion was standardized with the time of total 
recovery or the time of final sample date being set as 1 and the rest being expressed as 
a fraction of this time. Number of lesions subjected to tissue injury or scraping injury 
monitored repeatedly = 15 in five individual coral colonies over a period of 87 days. 
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Fig. 2.32 Percentage recovery over time of lesions from (a) tissue injury and (b) 
scraping injury in Porites lutea. The injuries were initially inflicted in winter 2001. 
The recovery time for each lesion was standardized with the time of total recovery or 
the time of final sample date being set as 1 and the rest being expressed as a fraction 
of this time. Number of lesions subjected to tissue injury or scraping injury 
monitored repeatedly 二 15 in five individual coral colonies over a period of 181 days. 
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Fig. 2.33 Percentage recovery over time of lesions from (a) tissue injury and (b) 
scraping injury in Pavona decussata. The injuries were initially inflicted in winter 
2001. The recovery time for each lesion was standardized with the time of total 
recovery or the time of final sample date being set as 1 and the rest being expressed as 
a fraction of this time. Number of lesions subjected to tissue injury monitored 
repeatedly = 15 in five individual coral colonies, number of lesions subjected to 
scraping injury monitored repeatedly = 12 in four individual coral colonies over a 
period of 129 days. 
9 9 
C h a p t e r 2 T i s s u e a n d S c r a p i n g I n j u r i e s 
110 -| 
100 _ - A — — — — — 
80 “(•'，.• • .j^f... — 
孑 7 0 -...... y ^ ^ . w.....-
^
 6 0
 ——.——. 一 . I 秦 — — 豢 “ —“―‘ 
<D 攀 • Jz • 
f 5 • . . . . . . . . . . . . 
cz a(\ 雄 .y.. 
1 2 • • y^ • 
^ 20 — — — — — — — 
^ ^ f 
10 _ .. .…i 
• • ‘ • - 100 9 / ( 1 + ( ( 0 5 ) / 0 2 ) ) 
• • 
_10-.-—一™ 一 = 0 9 0 
•20 -| 1 1 1 1 1 1 




100 • S 
80 • ———— ““— • ‘ j ^ 7 ® 
^ 70 I..... .. 
vo 6 0 •• 
§>50 業 — 
2 ‘ '..'一—‘“——• 
0 40 • j^ /fM “…-• 
S. 30 、•....% . 
0 o 一 y = 108.6 / ( 1 + exp ( - (x - 0.5 ) / 0.2 ) ) 
_ 10 - - - - — r2 = 0.91 
-20 -I 1 . 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 
Standardized time 
Fig. 2.34 Percentage recovery over time of lesions from (a) tissue injury and (b) 
scraping injury in Acropora digitifera. The injuries were initially inflicted in winter 
2001. The recovery time for each lesion was standardized with the time of total 
recovery or the time of final sample date being set as 1 and the rest being expressed 
as a fraction of this time. Number of lesions subjected to tissue injury or scraping 
injury monitored repeatedly = 9 in three individual coral colonies over a period of 
139 days. 
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Fig. 2.35 Percentage recovery over time of lesions from (a) tissue injury and (b) 
scraping injury in Leptastrea pruinosa. The injuries were initially inflicted in winter 
2001. The recovery time for each lesion was standardized with the time of total 
recovery or the time of final sample date being set as 1 and the rest being expressed 
as a fraction of this time. Number of lesions subjected to tissue injury or scraping 
injury monitored repeatedly = 11 in four individual coral colonies over a period of 
181 days. 
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Fig. 2.36 Percentage recovery over time of lesions from (a) tissue injury and (b) 
scraping injury in Porites lutea. The injuries were initially inflicted in spring 2002. 
The recovery time for each lesion was standardized with the time of total recovery or 
the time of final sample date being set as 1 and the rest being expressed as a fraction 
of this time. Number of lesions subjected to tissue injury monitored repeatedly = 17 
or scraping injury monitored repeatedly = 18 in six individual coral colonies over a 
period of 106 days. 
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Fig. 2.37 Percentage recovery over time of lesions from (a) tissue injury and (b) 
scraping injury in Pavona decussata. The injuries were initially inflicted in spring 
2002. The recovery time for each lesion was standardized with the time of total 
recovery or the time of final sample date being set as 1 and the rest being expressed 
as a fraction of this time. Number of lesions subjected to tissue injury or scraping 
injury monitored repeatedly = 9 in three individual coral colonies over a period of 99 
days. 
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Fig. 2.38 Percentage recovery over time of lesions from (a) tissue injury and (b) 
scraping injury in Acropora digitifera. The injuries were initially inflicted in spring 
2002. The recovery time for each lesion was standardized with the time of total 
recovery or the time of final sample date being set as 1 and the rest being expressed 
as a fraction of this time. Number of lesions subjected to tissue injury or scraping 
injury monitored repeatedly = 9 in three individual coral colonies over a period of 83 
days. 
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Fig. 2.39 Percentage recovery over time of lesions from (a) tissue injury and (b) 
scraping injury in Leptastrea pruinosa. The injuries were initially inflicted in spring 
2002. The recovery time for each lesion was standardized with the time of total 
recovery or the time of final sample date being set as 1 and the rest being expressed 
as a fraction of this time. Number of lesions subjected to tissue injury or scraping 
injury monitored repeatedly = 9 in three individual coral colonies over a period of 44 
days. 
1 0 5 
C h a p t e r 2 T i s s u e a n d S c r a p i n g I n j u r i e s 
110 -| 
100 - A— ‘ ^ ^ p p g t — ~ 一 
90 7 • J o ^ T ^ " 
80 _ • 
7 0 r
:=•：艺•........ 
裒 fn 泣 一 ： “ ： ― — — ： ― 
： — _ — V 一 
D) 40 •••••“"• / • 
iS 參 拳 f 
S 30 . “ • . . . . J ^ :... 
0 20 
• 
" 1 0 _ T • y = 94.8 / ( 1 + exp ( - (x - 0.4 ) / 0 . 1 ) ) 
• 2 0 • 一 - — - " " — ” " 一 
.30 j — . 1^  = 0.90 
-40 •] • 1 1 1 1 1 




100 - —..….:.: ""' 
- - ？： 
亥 6 0 “ 
^ • ； ^ # 
c 30 — T " — y ^ - f 
o 2f) • _ 
10 • 
I l]i\; 
"1 0 — " y = 9 9 . 9 / ( 1 + exp ( - ( x - 0 . 5 ) /0 .1 ) ) 
-20 - 髮 ..••• 
- 3 0 - - ^ = 0.91 
-40 -I 1 1 1 1 1 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 
Standardized time 
Fig. 2.40 Percentage recovery over time of lesions from (a) tissue injury and (b) 
scraping injury in Porites lutea. The injuries were initially inflicted in summer 2002. 
The recovery time for each lesion was standardized with the time of total recovery or 
the time of final sample date being set as 1 and the rest being expressed as a fraction 
of this time. Number of lesions subjected to tissue injury or scraping injury 
monitored repeatedly = 18 in six individual coral colonies over a period of 106 days. 
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Fig. 2.41 Percentage recovery over time of lesions from (a) tissue injury and (b) 
scraping injury in Pavona decussata. The injuries were initially inflicted in summer 
2002. The recovery time for each lesion was standardized with the time of total 
recovery or the time of final sample date being set as 1 and the rest being expressed 
as a fraction of this time. Number of lesions subjected to tissue injury monitored 
repeatedly = 15 in five individual coral colonies, number of lesions subjected to 
scraping injury monitored repeatedly = 18 in six individual coral colonies over a 
period of 106 days. 
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Fig. 2.42 Percentage recovery over time of lesions from (a) tissue injury and (b) 
scraping injury in Acropora digitifera. The injuries were initially inflicted in 
summer 2002. The recovery time for each lesion was standardized with the time of 
total recovery or the time of final sample date being set as 1 and the rest being 
expressed as a fraction of this time. Number of lesions subjected to tissue injury 
monitored repeatedly = 8 or scraping injury monitored repeatedly = 9 in three 
individual coral colonies over a period of 106 days. 
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Fig. 2.43 Percentage recovery over time of lesions from (a) tissue injury and (b) 
scraping injury in Leptastrea pruinosa. The injuries were initially inflicted in 
summer 2002. The recovery time for each lesion was standardized with the time of 
total recovery or the time of final sample date being set as 1 and the rest being 
expressed as a fraction of this time. Number of lesions subjected to tissue injury or 
scraping injury monitored repeatedly = 9 in three individual coral colonies over a 
period of 106 days. 
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Fig. 2.44 Percentage recovery over time of lesions from (a) tissue injury and (b) 
scraping injury in Porites lutea. The injuries were initially inflicted in autumn 2002. 
The recovery time for each lesion was standardized with the time of total recovery or 
the time of final sample date being set as 1 and the rest being expressed as a fraction 
of this time. Number of lesions subjected to tissue injury monitored repeatedly = 15 
in five individual coral colonies, number of lesions subjected to scraping injury 
monitored repeatedly = 18 in six individual coral colonies over a period of 112 days. 
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Fig. 2.45 Percentage recovery over time of lesions from (a) tissue injury and (b) 
scraping injury in Pavona decussata. The injuries were initially inflicted in autumn 
2002. The recovery time for each lesion was standardized with the time of total 
recovery or the time of final sample date being set as 1 and the rest being expressed 
as a fraction of this time. Number of lesions subjected to tissue injury or scraping 
injury monitored repeatedly = 18 in six individual coral colonies over a period of 
106 days. 
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Fig. 2.46 Percentage recovery over time of lesions from (a) tissue injury and (b) 
scraping injury in Acropora digitifera. The injuries were initially inflicted in 
autumn 2002. The recovery time for each lesion was standardized with the time of 
total recovery or the time of final sample date being set as 1 and the rest being 
expressed as a fraction of this time. Number of lesions subjected to tissue injury or 
scraping injury monitored repeatedly = 9 in three individual coral colonies over a 
period of 93 days. 
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Fig. 2.47 Percentage recovery over time of lesions from (a) tissue injury and (b) 
scraping injury in Leptastrea pruinosa. The injuries were initially inflicted in 
autumn 2002. The recovery time for each lesion was standardized with the time of 
total recovery or the time of final sample date being set as 1 and the rest being 
expressed as a fraction of this time. Number of lesions subjected to tissue injury or 
scraping injury monitored repeatedly = 9 in three individual coral colonies over a 
period of 92 days. 
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Fig. 2.48 The mean (±SD) photosynthetic quantum yield of the lesions subjected to 
artificial injuries and control colonies of Porites lutea. The injuries were initially 
inflicted in autumn 2002. Number of lesions subjected to tissue injury monitored 
repeatedly = 15 in five individual coral colonies, number of lesions subjected to 
scraping injury monitored repeatedly = 18 in six individual coral colonies over a period 
of 112 days. 
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Fig. 2.49 The mean (±SD) photosynthetic quantum yield of the lesions subjected to 
artificial injuries and control colonies of Leptastrea pruinosa. The injuries were 
initially inflicted in autumn 2002. Number of lesions subjected to tissue injury or 
scraping injury monitored repeatedly = 9 in three individual coral colonies over a 
period of 92 days. 
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Fig. 2.51 The average tissue thickness (+S.D.) of the four coral species, Porites lutea, 
Pavona decussata, Acropora digitifera (half thickness of the whole branch) and 
Leptastrea pruinosa. N = 25 for all coral species. 
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Table 2.1 The percentage of the number of lesions with algal settlement or 
sedimentation in different coral species subjected to tissue injury (TI) and scraping 
injury (SI) in all the experiments. 
Species of Coral Types of Injury algae settlement (%) S e 夏？：，!“1011 
W21 
D 7 , TI 81.37 26.47 Porites lutea 
SI ^80 2.94 
~ “ “ TI 71.43 41.67 ravona decussata 
SI 3 J 7 3.57 
. , . T I 38.10 64.29 
Acropora digitifera 
^ 6 7 SI 7A4 0 
！ TI 1Z28 49.12 Leptastrea pruinosa 
SI L75 26.32 
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Table 2.2 The average number of days for the lesions caused by artificial injury to 
reach 90% recovery in Porites lutea. Tissue injuries and scraping injuries were 
inflicted on coral colonies of large (> 30 cm) and small (< 30 cm) size groups in 
seasonal experiments. 
Season Colony Size Injury Types N Mean (Days) S.D. 
T Tissue Injury 9 53.70 12.83 Large J 
2001 Summer Scraping Injury 9 45.90 8.67 
S m a U Tissue Injury 5 49.88 6.05 
Scraping Injury 6 55.17 7.89 
L a r e Tissue Injury 9 64.92 8.67 
2001 Autumn ^ Scraping Injury 9 52.68 15.60 
c „ Tissue Injury 8 60.96 12.99 Small 0 . T • Scraping Injury 6 36.74 6.98 
T Tissue Injury 7 153.57 37.74 Large 
2001 Winter Scraping Injury 8 137.29 27.33 
Small Tissue Injury 6 108.43 18.84 
Scraping Injury 6 86.20 12.81 
L a r g e Tissue Injury 8 91.46 10.20 
2001 Spring ^ Scraping Injury 9 51.96 14.94 
S m a U Tissue Injury 9 65.98 9.10 
Scraping Injury 9 56.39 6.58 
L a r g e Tissue Injury 9 56.80 7.32 
2002 Summer ^ Scraping Injury 9 39.24 6.56 
c „ Tissue Injury 9 57.93 12.96 Small 
Scraping Injury 9 47.10 5.38 
Tissue Injury 6 72.51 12.41 
2002 Autumn ^raping Injury 9 52.86 7.38 ；^  
� n Tissue Injury 6 67.44 12.25 Small ^ T . Scraping Injury 9 48.06 5.51 
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Table 2.3 The average number of days for the lesions caused by artificial injury to 
reach 90% recovery in Pavona decussata. Tissue injuries and scraping injuries were 
inflicted on coral colonies of large (>30 cm) and small ( < 3 0 cm) size groups in 
seasonal experiments. 
Season Colony Size Injury Types N Mean (Days) S.D. 
T Tissue Injury ~ 9 49.65 19.07 Large J J 
2001 Summer Scraping Injury 9 43.30 12.35 
0 „ Tissue Injury 6 38.25 3.73 Small ^ • T . Scraping Injury 6 32.99 8.45 
A ^ T Tissue Injury 9 54.37 7.46 2001 Autumn Large 
Scraping Injury 9 40.99 8.42 
T Tissue Injury 9 92.33 12.69 Large 
2001 Winter Scraping Injury 8 68.41 13.56 
c „ Tissue Injury 6 70.31 4.78 Small ^ . T . J Scraping Injury 3 65.76 6.24 
c • T Tissue Injury 9 65.74 14.04 
2001 Spring Large 
Scraping Injury 9 64.24 13.95 
T Tissue Injury 9 56.09 12.46 Large . . 
2002 Summer Scrapmg Injury 9 42.88 10.73 
0 „ Tissue Injury 6 45.48 8.64 Small ^ T . Scraping Injury 9 39.85 6.64 
T Tissue Injury 9 61.81 4.97 Large . . 
2002 Autumn Scrapmg Injury 9 49.68 9.68 
0 t l Tissue Injury 6 60.12 16.69 Small � T . Scraping Injury 9 46.98 6.46 
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Table 2.4 The average number of days for the lesions caused by artificial injury to 
reach 90% recovery in Acropora digitifera. Tissue injuries and scraping injuries were 
inflicted on coral colonies of large (> 30 cm) size group in seasonal experiments. 
Season Colony Size Injury Types N Mean (Days) S.D. 
2001 Autumn Large T i s s u e 闽 叨 '6 ^ U 2 4 ~ 
Scraping Injury 6 28.47 8.10 
n r ‘ T Tissue Injury 9 96.81 16.84 
2001 Winter Large 
& Scraping Injury 9 74.60 12.75 
� … 0 . T Tissue Injury 9 55.08 16.51 
2001 Spring Large J ” 
Scraping Injury 9 43.31 11.00 
0 T Tissue Injury 8 65.36 12.94 
2002 Summer Large ^ . . 
Scraping Injury 9 44.83 10.75 
… A 本 T Tissue Injury 8 55.60 13.84 
2002 Autumn Large . J J 
Scraping Injury 9 41.18 11.75 
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Table 2.5 The average number of days for the lesions caused by artificial injury to 
reach 90% recovery in Leptastrea pruinosa. Tissue injuries and scraping injuries were 
inflicted on coral colonies of large (> 30 cm) size group in seasonal experiments. 
Season Colony Size Injury Types N Mean (Days) S.D. 
� … A i T Tissue Injury 8 47.74 5.33 2001 Autumn Large 
Scraping Injury 9 38.88 8.72 
� … i T Tissue Injury 11 127.29 26.58 
2001 Winter Large . . 5 Scraping Injury 11 97.59 30.65 
n . T Tissue Injury 7 39.52 4.64 
2001 Spring Large 
Scraping Injury 9 32.77 2.38 
" T T Z T “ Tissue Injury 9 53.90 18.91 
2002 Summer Large „ . . 5 Scraping Injury 9 41.27 4.87 
A A T Tissue Injury 9 61.86 12.66 
2002 Autumn Large 
Scraping Injury 9 46.90 10.23 
1 2 2 
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Table 2.6 The results of independent t-test on the difference in the mean number of 
days for different species of corals of two colony sizes to reach 90% recovery after 
being inflicted with artificial injuries at different seasons. Significant P values (P < 
0.05) are given in bold. No experiments were carried out on small sized colony of L. 
pruinosa and A. digitifera. 
A. Porites lutea 
Seasons Tissue Injury Scraping Injury 
2001 Summer 0.756 0.056 
2001 Autumn — 0.467 0.323 
2001 Winter 0.023 0.166 
2002 Spring — 0.028 — 0.677 
2002 Summer < 0.001 0.013 
2002 Autumn 0.669 0.137 
B. Pavona decussata 
Seasons Tissue Injury Scraping Injury 
2001 Summer 0.538 037 
2001 Winter — 0.001 0.758 
2002 Summer 一 0.374 — 0.259 
2002 Autumn 0.556 0.496 
1 2 3 
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Table 2.7 The results of independent t-test on the difference in the mean number of 
days for the two types of artificial injury (tissue injury and scraping injury) in different 
species of corals to reach 90% recovery after being inflicted at different seasons. 
Significant P values (P<0.05) are given in bold. 
A. Porites lutea 
Seasons P-value 
2001 Summer — 0.945 
2001 Autumn — 0.043 
2001 Winter 一 0.295 
2002 Spring — 0.012 
2002 Summer 一 < 0.001 
2002 Autumn 一 0.002 
B. Pavona decussata 
Seasons P-value 
2001 Summer — 0.528 
2001 Autumn — 0.067 
2001 Winter — 0.008 
2002 Spring — 0.9 
2002 Summer 一 0.007 
2002 Autumn < 0.001 
C. Acropora digitifera 
Seasons P-value 
2001 Autumn 一 0.718 
2001 Winter 0.006 
2002 Spring 0.368 
2002 Summer 0.003 
2002 Autumn 0.035 
D. Leptastrea pruinosa 
Seasons P-value 
2001 Autumn 0.047 
2001 Winter 0.018 
2002 Spring 一 0.002 
2002 Summer 0,05 
2002 Autumn 0.014 
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Table 2.8 The results of one way ANOVA on the difference in the mean number of days 
for different species of corals subjected to tissue and scraping injuries in the same 
season to reach 90% recovery. Significant P values (P<0.05) are given in bold. The 
four species tested are Porites lutea, Pavona decussata, Acropora digitifera and 
Leptastrea pruinosa. 
A. Tissue Injury 
Seasons P-value 
2001 Summer 一 0.446 
2001 Autumn 0.001 
2001 Winter “ 0.003 
2002 Spring 一 0.015 
2002 Summer — 0.492 
2002 Autumn — 0.155 
B. Scraping Injury 
Seasons P-value 
2001 Summer — 0.134 
2001 Autumn — 0.238 
2001 Winter 0.007 
2002 Spring ~ 0.020 
2002 Summer 0.864 
2002 Autumn 一 0.317 
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Table 2.9 The results of one way ANOVA on the difference in the mean number of days 
for different species of coral, which is subjected to tissue and scraping injuries, in 
different seasons to reach 90% recovery. Significant P values (P<0.05) are given in 
bold. The six seasons included summer 2001, autumn 2001, winter 2001, spring 2002, 
summer 2002 and sutumn2002. 
A. Porites lutea 
Injury Types P-value 
Tissue Injury < 0.001 
Scraping Injury < 0.001 
B. Pavona decussata 
Injury Types P-value 
Tissue Injury 0.001 
Scraping Injury < 0.001 
C. Acropora digitifera 
Injury Types P-value 
Tissue Injury 0.003 
Scraping Injury 0.002 
D. Leptastrea pruinosa 
Injury Types P-value 
Tissue Injury < 0.001 
Scraping Injury < 0.001 
1 2 6 
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Table 2.10 The mean (士SD) photosynthetic activity (quantum yield) in Porites lutea 
recorded from lesions before and immediately after being inflicted, and after reaching 
a 50% or 90% of recovery in different seasons. Control was recorded on tissue at least 
10 cm from the lesion on the same coral colony. 
一"“ 71 Before infliction I After infliction 50% 90% 
Seasons . . . A N of injuries of injuries recovery recovery 
injuries * 1 ^ ~ ^ f ~ ^ 丨二 T777T 
mean S.D. mean S.D. mean S.D. mean S.D. 
TI "T5~ 0.64 0.03~~ 0.41 一0.10 0.65 ~ 0 0 4 0.65 "OPS" 
summer 2001 SI ~15~ 0.64 ~~0.03 0.46 0.06 0.66 0.03 004 
C ~15~ 0.63 0.05 0.65 ~ 0.04 0.68 ~ 0.04 0.69~ 003" 
TI ~T8~ 0.67 ~ 0 . 0 5 0.44 “ 0.14 0.66~ 004 0.63 0.10 
autumn 2001 SI ~T8~ 0.67 0.05 0.52 “ 0.10 0.67 003~ 0.67 008~ 
C T 8 0.66 ~ 0 . 0 4 0.67 0.04 0.70 0.02 0.59 0.14 
TI ~15~ 0.66 0.04 0.43 “ 0.10 Q.62~ 0.08 0.62 0.07 
winter 2001 SI T 5 0.65 ~ 0 . 0 4 0.47 “ 0.07 Q.62~ 005~ 0.63 0.08 
C "T5~ 0.64 0.07 0.61 一 0.10 0.62— 0.05 0.66 0.06 
TI ~T8 0.56 ~ 0 J 2 0 . 3 5 _0.11 0.59 ~ 0.13 0.67 ~ 004 
spring 2002 SI "T8~ 0.57 0.10 0.40 一 0.06 0.58 0.07 0.66 007" 
C T 8 0.57 ""“0.09 0.58 0.09 0.66~ 0.07 0.69 0.06 
TI 18 0.67 ~~5.07 0.46 0.08 0 . 6 9 ~ " 0 0 6 " ~ 6 6 0.06 
summer 2002 SI 18~ 0.68 0.05 0.49 0.07 0.68~ 0.03 "~0.62 0.13 
C " T 8 ~ 0.68 0.06 0.65 0.08 ~ 0 6 7 ~ 0.06 ~0.63 0.10 
TI 18 0.64 0.08 0.36 0.13 0.67 0.09 ~ 0 6 5 0.07 
autumn 2002 SI "78 0.65 0.04 0.57 “ 0.05 0.64 0.05 —0.69 OQ3" 
C I 18 I 0.66 0.06 0.67 0.06 0.69 0.06 0.61 [0.11 
* TI = Tissue Injury; SI = Scraping Injury; C = Control. 
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Table 2.11 The mean (士SD) photosynthetic activity (quantum yield) in Pavona 
decussata recorded from lesions before and immediately after being inflicted, and after 
reaching a 50% or 90% of recovery in different seasons. Control was recorded on 
tissue at least 10 cm from the lesion on the same coral colony. 
~ 71 Before infliction I After infliction 50% 90% lypcs ol , . 丨 Seasons . . . . N of injuries of injuries recovery recovery injuries* 丨， r1- J r~sZ—— mean S.D. mean S.D. mean S.D. mean S.D. 
TI ""T5~ 0.66 “ 0.04 ~05Q 0.09 ~0.60 QTT~0.65 0.06 
summer 2001 SI 15 0.66 ~ 0 . 0 4 0.60 0.06 0 . 6 ~ " 0 0 7 0.68 008~ 
C " l 5 ~ 0.67 0 . 0 5 0 . 6 7 ~0.06 0.71 0.71 0.03 
TI ~ 9 ~ 0.70 0 . 0 4 ~ 0.44 —0.08 0.60 ~0m 0.69 0.04 
autumn 2001 SI ~ 9 ~ 0.69 0.07""“ 0.66 —0.03 0.69 "003" 0.71 0.03 
C ~ 9 ~ 0.72 0 . 0 2 ~ 0.71 —0.02 0.72 " 0.02 0.72 "OQ2 
TI "~15~ 0.68 “ 0.02 ~052~ 0.12 0.56 008"~0.65 0.06 
winter 2001 SI ~15~ 0.66 ""“002""“ 0.60 ~ 0.05 0.51 007 ~ 0.60 0.09 
C I T 0.66 0 . 0 8 ~ 0.67 1 . 0 6 0.66 0.05 0.67 006~ 
TI ~ 9 ~ 0.57 0 . 0 9 ~ 0.41 —0.11 0.58 0.68 0.07 
spring 2002 SI ~ 9 ~ 0.59 0 . 0 6 ~ 0.51 —0.08 0.61 008~ 0.59 0.11 
C ~9~ 0.52 0 . 0 9 ~ 0.53 —0.07 0.61 "015" 0.69 0.05 
TI "T8~ 0.70 0 . 0 7 ~ 0.49 —0.12 0.74 007 ~ 0.73 0.04 
summer 2002 SI ~18~ 0.66 ~ 0 . 0 7 0.56 “ 0.10 0.71 005~ 0.69 0.09 
C ~18~ 0.70 0 . 0 4 0 . 6 9 —0.05 0.71 OQ8" 0.71 0.07 
TI ~ W 0.69 0 . 0 7 ~ 0.59 ~ 0 2 Q ~ 0.69 006" 0.65 009" 
autumn 2002 SI ~ W 0.67 ~ a 0 7 0.64 0.06 0.65~ OQ9" 0.66 0.07 
C I 18 丨 0.69 0.07 0.74 0.04 0.69 丨 0.07 丨 0.69 丨0.10 
* TI = Tissue Injury; SI = Scraping Injury; C = Control. 
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Table 2.12 The mean (士SD) photosynthetic activity (quantum yield) in Acropora 
digitifera recorded from lesions before and immediately after being inflicted, and after 
reaching a 50% or 90% of recovery in different seasons. Control was recorded on 
tissue at least 10 cm from the lesion on the same coral colony. 
VZ ~1 Before infliction I After infliction I 50% 90% 
Seasons . . . ^ N of injuries of injuries recovery recovery 
injuries mean S.D. mean S.D. mean S.D. mean S.D. 
TI ~ 6 ~ 0.68 0.02 0.50 0.09 Q.51~ 006" 0.62 005" 
autumn 2001 SI ~ 6 ~ 0.70 ""”0.02 0.58 0.09 0.61 OQ5" 0.64 ~0m 
C ~ 6 ~ 0.70 0.04 0.70 0.04 0.70~004~ 0.69~ 005" 
TI ~ 9 ~ 0.63 ~ 0 . 0 6 0.48 一 0.11 0.47~ o l o 0.48 "oio" 
winter 2001 SI ~ 9 ~ 0.67 0.06 0.60 一 0.10 0.59 008~ 0.56 QJO" 
C ~9 0.66 ""“0.08 0.66 0.06 0.54— 0.06 Q.56~ OjT 
TI 9 ~ 0.55 0.08 0.46 0.14 0.60 ~ 0 l 2 " 0.61 009" 
spring 2002 SI ~ 9 ~ 0.57 0.10 0.57 0.06 ~ 0 5 9 ~ 0.12 0 . 6 1 ~ " ^ 0 
C 9 0.58 0.07 0.57 0.08 0.67— 0.03 Q . 6 8 ~ a o 7 
TI ~ 9 0.69 ""“0.05 0.67 “ 0.07 0 .72~006" 0.68 009~ 
summer 2002 SI ~ 9 0.66 ~~0.03 0.51 0.05 ~ a 6 8 0.09 1 . 6 9 007~ 
C ~9 0.67 0.06 0.71 “ 0.02 W " ~ 0 7 4 ~ " a Q 3 " 
TI ~ 9 0.71 0.02 0.51 “ 0.15 0.7Q~ 0.10 0.56~~0A2 
autumn 2002 SI 9 ~ 0.73 ""“0.04 0.63 0.07 0.67 0.06 1 . 6 4 "OQ7" 
C 丨 9 丨 0.76 0.02 0.75 0.03 0.71 丨0.05! 0.69 丨 0.05 
* TI = Tissue Injury; SI = Scraping Injury; C = Control. 
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Table 2.13 The mean (±SD) photosynthetic activity (quantum yield) in Leptastrea 
pruinosa recorded from lesions before and immediately after being inflicted, and after 
reaching a 50% or 90% of recovery in different seasons. Control was recorded on 
tissue at least 10 cm from the lesion on the same coral colony. 
“ 71 Before infliction I After infliction 50% 90% 
Seasons . . . ^ N of injuries of injuries recovery recovery 
i n J u n e s mean S.D. mean S.D. mean S.D. mean S.D. 
TI " T T 0.64 ""“qp4 0.51 0.08 0 . 5 9 ~ 0 J 0 0.66~006~ 
autumn2001 SI I f 0.66 ""“0.03 0.58 “ 0.04 0.63— 0.06 0.64~ 008" 
c "TT 0.68 ~ a 0 7 0.68 ~ 0.05 0.69 004 0.67 0.05 
TI ~ 9 ~ 0.68 ""“a04 0.55 ~ 0.07 0.50 ~ 007" 0.63 0.10 
winter 2001 SI ~ 9 ~ 0.70 ~ 0 , 0 2 0.54 一 0.06 0.56— 0.09 0.56~ oTT 
C ~ 9 ~ 0.67 ""“aQ4 0.65 ~ 0.05 0.56 ~0W 0.68 0.04 
TI ~ 9 ~ 0.72 ~ 0 . 0 9 0.57 一 0.15 0.61 004~ 0.59 0.06 
spring 2002 SI ~ 9 ~ 0.77 ~ 0 . 1 2 0.63 “ 0.16 0.64 005~ 0.61 0.08 
C 9 ~ 0.75 0.14 0.48 “ 0.06 0 .70~004" 0.60 0.07 
TI ~ 9 ~ 0.66 ~ 0 . 0 3 0.60 “ 0.10 0.74 006~ 0.64 0.10 
summer 2002 SI ~ 9 ~ 0.67 0.02 0.59 0.11 0.60 0.14 0.65~006~ 
C ~ 9 0.66 0.08 0.71 — 0.01 0.69 0.05 0.67 006" 
TI ~ 9 ~ 0.63 0.09 0.50 “ 0.14 0.75 " 0 1 7 ~ 0 6 7 0.07 
autumn2002 SI ~ 9 0.67 0.06 0.60 0.07 ~ 0 6 6 ~ 0.05 "~0.71 003" 
C 9 0.65 0.10 0.69 0.05 0.68 |q.10| 0.67 |o. l l 
* TI = Tissue Injury; SI = Scraping Injury; C = Control. 
1 3 0 
C h a p t e r 2 T i s s u e a n d S c r a p i n g I n j u r i e s 
Table 2.14 The results of Mann Whitney U test on the difference in the photosynthetic 
activity of the lesion measured before and after being inflicted with artificial injury. 
Significant P values (P<0.05) are given in bold. 
A. Porites lutea 
Seasons Types of injury P-value 
2001 Slimmer — < 化0机 
SI < 0.001 
2001 Autumn T I — < • 
SI < 0.001 
" " 2 0 0 1 Winter 丁1 = < ° ' 0 0 1 
SI < 0.001 
2002 Spring T I = < 0 0 0 1 
SI < 0.001 
2002 Summer ？ < 
SI < 0.001 
2002 Autumn T I = < 0 0 0 1 
1 SI I < o.ooi 
B. Pavona decussata 
Seasons Types of injury P-value 
2001 Summer < 0.001 
SI 0.001 
� n m a + TI < 0.001 2001 Autumn 
SI 0.037 
2001 Winter 丁1 = < 0•術 
SI < 0.001 
2002 Spring — 
_ ： SI 0.047 
2002 Summer — < 0肩1 
SI 0.002 
2002 Autumn — 。-。冗 
SI 0.125 
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C. Acropora digitifera 
Seasons Types of injury P-value 
2001 Autumn 丁1 — 0 0 0 4 
SI 0.01 
2001 Winter — 
SI 0.058 
TI 0 251 
2002 Spring 
SI 0.724 
2002 Summer — 0.402 
SI < 0.001 
2002 Autumn T I = < ° ' 0 0 1 
SI 0.002 
D. Leptastrea pruinosa 
Seasons Types of injury P-value 
2001 Autumn 丁1 = < 瞧 
SI < 0.001 
2001 Winter 丁1 — < 0 0 0 1 
SI < 0.001 
2002 Spring ^ 
SI 0.075 
2002 Summer — � ' � � 
SI 0.024 
2002 Autumn 0.034 
SI 0.057 
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Table 2.15 The results of one way ANOVA on the difference in photosynthetic activity 
of coral lesions measured after being subjected to different treatments (tissue, scraping 
injuries and the control) in different coral species at different seasons. Significant P 
values (P<0.05) are given in bold. 
A. Porites lutea 
Seasons P-value 
2001 Summer 0.001 
2001 Autumn 0.002 
2001 Winter <0.001 
2002 Spring <0.001 
2002 Summer <0.001 
2002 Autumn <0.001 
B. Pavona decussata 
Seasons P-value 
2001 Summer <0.001 
2001 Autumn <0.001 
2001 Winter <0.001 
2002 Spring 0.042 
2002 Summer <0.001 
2002 Autumn 0.001 
C. Acropora digitifera 
Seasons P-value 
2001 Autumn o U 
2001 Winter 0.004 
2002 Spring 0.111 
2002 Summer <0.001 
2002 Autumn <0.001 
D. Leptastrea pruinosa 
Seasons P-value 
2001 Autumn 0.001 
2001 Winter <0.001 
2002 Spring 0.146 
2002 Summer 0.018 
2002 Autumn 0.003 
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Table 2.16 The results of one way ANOVA on the difference in photosynthetic activity 
of coral lesions (tissue injury and scraping injury) and control measured when the 
lesions reached nearest 90% recovery. The lesions were subjected to different 
treatments in different coral species at different seasons. Significant P values (P<0.05) 
are given in bold. 
A. Porites lutea 
Seasons P-value 
2001 Summer 0.127 
2001 Autumn 0.138 
2001 Winter — 0.347 
2002 Spring — 0.423 
2002 Summer 0.449 
2002 Autumn 0.009 
B. Pavona decussata 
Seasons P-value 
2001 Summer 0.061 
2001 Autumn 0.213 
2001 Winter ~~ 0.035 
2002 Spring “ 0.028 
2002 Summer 0.342 
2002 Autumn 0.46 
C. Acropora digitifera 
Seasons P-value 
2001 Autumn 0.23 
2001 Winter 0.166 
2001 Spring 一 0.174 
2002 Summer 0.217 
2002 Autumn 0.16 
D. Leptastrea pruinosa 
Seasons P-value 
2001 Autumn 0.588 
2001 Winter 0.028 
2002 Spring 一 0.78 
2002 Summer 0.613 
2002 Autumn 0.553 
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Chapter 3 
The regeneration of selected coral species subjected to experimental 
breakage and toppling 
3.1 Introduction 
Wave energy is known to be one of the important factors affecting coral reefs (Dollar 
1982). Sedimentation that is generated by high energy wave can change the structure of 
coral community or cause coral mortality (Chamberlain and Grans 1975，Stoddart 
1974). Hurricane, one of the major wave creators, damages coral reefs in different parts 
of the world. Many researches have been conducted to evaluate the destruction of coral 
communities by hurricanes. 
In 1992, Florida was hit by Hurricane Andrew, one of the most powerful storms over 
the last 50 years (Lirman and Fong 1996，1997，Blair et al 1994). The reef flat and 
rubble zone of Elkhorn Reef suffered severe and significant damage by this storm. 
More than 50% of Acropora palmata were fragmented in both zones. Lirman et al 
(1996) further showed that the subsequent winter storm, Storm of the Century, on 12-13 
March 1993 removed the newly generated A. palmata fragments so that the rate of 
asexual recruitment was greatly reduced. Hurricane Andrews also affected the offshore 
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of Dade County, Florida (Blair et al 1994). Their findings showed that 25 - 50% and 
0 - 25% of soft corals in offshore and inshore reefs were lost respectively while there 
were 38% loss of hard corals in the offshore reef and 23% in the inshore reef. 
If corals cannot withstand the high energy force, breakage or toppling of the coral 
colonies will happen. Although many researches have been undertaken to examine the 
degree of damage of coral colonies caused by hurricanes (Lirman et al 1996，1997, 
Blair et al 1994), the regeneration ability of corals from breakage and toppling was 
under-studied. The regeneration rate of lesions in Acropora palmata inflicted by 
experimental breakage has been monitored in Florida Reef Tract, USA (Lirman 2000b). 
The recovery rate depended on the initial lesion area and perimeter, but not on the size 
of the injured colonies. Thereby, the recovery rate of the lesion on either the parent's 
surface or on the fragment's surface was not significantly different. After the recovery 
of the lesion, a new branch would develop from the colony's surface. Hall (1997) 
conducted an experiment on the regeneration rate of scleractinian corals from tissue 
injuries, scraping injuries and breakage injuries. Her results showed that the closure of 
lesion on the breakage was ten times faster than the regrowth of a new branch. 
Other than fragmentation, strong energy wave and human activities can cause 
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sedimentation in reefs that may potentially affect the coral colonies (Hubbard 1986, 
Rogers 1985, 1990, Nowlis et al 1997). Coral can reject sediments that fall on their 
surface (Hubbard and Pocock 1972). Tentacles and cilia of the coral can remove the 
particles from their surface. Furthermore, sediments are trapped in the mucus secreted 
by the corals and are removed from the colonies. Although coral can remove certain 
sediment, severe sedimentation can damage the coral colonies. Rogers (1990) 
hypothesized that reef suffering from strong sedimentation has lower diversity of coral 
species and less live coral coverage. 
Many studies have been conducted on the issue of sedimentation. Different species 
have different resistance against sedimentation. Rogers (1983) found that Acropora 
palmata was less tolerant to sedimentation than Acropora cervicornis, even though 
both of them were branching corals. Sediments accumulated on the flattened portions 
of A. palmata but not on the cylindrical branches of A. cervicornis. Generally, 
branching corals are predicted to be more tolerant to sedimentation, but the different 
responses of the two branching corals indicated that the hypothesis is not always true 
(Rogers 1990). Furthermore, tolerance of the same coral species to sedimentation 
varies in different reefs. Rice and Hunter (1992) conducted a study on sedimentation 
effects on selected coral species in west central Florida, USA. The patch reefs 
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experienced severe physical disturbances such as high turbidity and low light 
penetration. Their findings showed that selected species were more tolerant to 
sedimentation than corals in the Caribbean region, a site with less physical disturbances. 
Sediments not only affect the coral colonies, but coral larval settlement is also being 
inhibited. An ex-situ experiment by Babcock and Davies (1991) showed that the 
number of Acropora millepora larvae that settled on the upper surface of the sampled 
rock was significantly reduced with increasing sedimentation. This reduction was 
important since in the field, the probabilities for the coral larvae to settle on a suitable 
substratum were much smaller. Sediments and sand will bury corals if the water current 
is too strong. The survivorship of different coral species is different under burial 
(Marshall and Orr 1931). Study has been done on the effect of short-term sediment 
burial on corals in the Philippines (Wesseling et al. 1999). Acropora spp. experienced 
total mortality after being buried under the sand for 20 hours. Porites spp. bleached and 
experienced 50% partial mortality after 68 hours burial. All Porites spp. recovered 
within a few weeks by recolonization of new tissue from the peripheral healthy tissue. 
Hong Kong is frequented by tropical cyclones (typhoons) every year. Corals, especially 
the branching corals, may be broken or may be toppled due to the strong waves 
generated from these storms. Increased human activities such as diving and swimming 
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can also potentially cause breakage in branching corals and toppling of other corals. 
The recovery of corals damaged by these types of disturbances is not known. This 
study was therefore undertaken to find out the recovery rate of selected colonies of 
Hong Kong coral species subjected to artificial breakage and toppling experiments 
simulating the potential effects of storms or of human disturbances. Instead of 
conducting the experiments on natural injury, artificial injury was inflicted 
intentionally on selected coral colonies. Using artificial injuries, the lesions were 
inflicted by a controlled method; the day of lesions being inflicted was known and all 
samples could be confined in certain area that was easier to relocate and monitor. 
3.2 Methods and Materials: 
3.2.1 Study site: 
This study was carried out in Tung Ping Chau (see Chapter 1 for detailed description of 
the study site). In July 2003, after the visit of typhoon Imbudo, many branches of 
Acropora spp. found at - 1 m C.D. were observed to be fragmented. Some colonies 
even had more than 50% of their branches broken. Furthermore, many isolated coral 
colonies were toppled, some were even buried under the sand. On the other hand, there 
has been a large increase in the number of visitors to Tung Ping Chau since its 
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declaration as a marine park in 2001. There is a diving operation on the island and many 
visitors are engaged in SCUBA diving or in snorkeling activities. Although no actual 
count was conducted, human activities like these are also observed to cause physical 
damage to coral colonies. 
3.2.2 Species chosen: 
Unlike in the tropical regions, branching corals are not dominant in Hong Kong water. 
In Tung Ping Chau, Acropora spp. are not very common, but isolated coral heads can 
still be found. Owing to the fragility of branching corals, Acropora digitifera was 
chosen for the experimental breakage study. Corals with colony diameter greater than 
50cm were used in the experiments. In toppling experiment, Porites lutea, Porites 
lobata, Platygyra acuta and Favia favus were monitored because they are some of the 
most abundant coral species in Tung Ping Chau. They are also species found to be 
toppled by storms. 
3.2.3 Experimental breakage of Acropora digitifera: 
Experimental breakage studies were conducted on September 2002 and March 2003. 
In each study, five colonies of Acropora digitifera were located haphazardly at - 1 m 
C.D. Three breakages were made on each colony (Fig. 3.1) using hammer and chisel. 
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Broken branches were at least 15 cm apart from each other to minimize the intra-colony 
effects. The lesion areas were measured as the cross sectional areas of the broken 
branches. These areas were first recorded using a close-up video camera. The recovery 
rate of these lesions was then monitored approximately every seven days with video 
camera until the lesions reached total recovery. 
The photosynthetic quantum yield of the lesion areas of the coral colonies was 
measured using a diving Pulse Amplitude Modulated Fluorometer (Diving PAM). The 
quantum yield of healthy branches on the same colony at least 15 cm apart from the 
lesions was also measured to serve as controls. Photosynthetic quantum yields of these 
branches were monitored approximately every seven days, i.e. at the same time when 
the branches were examined for their recovery. 
The fragments broken by disturbances might remain on the colonies or drop to the sand 
bottom. In order to observe the survivorship of fragments of coral branches broken off 
from this experiment, fragments were placed on the top of colonies or on the sand 
bottom. Fragments from the first study in September 2002 were placed on the top of 
the colonies while those from the second study in March 2003 were put on the sand 
bottom near the experimental colonies (Fig. 3.2). These two treatments were not done 
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simultaneously because of the small sample size of Acropora colonies available. The 
water temperature and sedimentation rate in Tung Ping Chau in September and March 
were comparable (Unpublished data from Tung Ping Chau Monitoring Programme). 
Hence, seasonal effect on the survival of these fragments was assumed to be negligible. 
Diving PAM was also used to monitor the photosynthetic activity of these fragments. 
The controls used in these two experiments were the A. digitifera colonies found near 
the fragments. 
3.2.4 Experimental toppling of selected coral species: 
Experimental toppling studies were conducted in September 2002 and January 2003. 
Porites lutea, Porites lobata, Platygyra acuta and Favia favus were used in the first 
study, but only Porites lutea, Porites lobata were monitored in the second study. Five 
colonies of each species located a t -1 m C.D. were chosen haphazardly (small colonies 
with approximately 100 cm surface area of their overhead images). These colonies 
were pushed on one side until they toppled. The force applied was the minimal needed 
to produce the result. These colonies were left in their original toppled position for 
seven days and were re-erected as much as possible to their pre-topple position. The 
regeneration of the lesion, usually observed on the side of the colony that was buried 
under the sand, was monitored approximately every seven days. Close-up underwater 
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video was used to record the recovery of the lesion as described for the breakage 
experiment while diving PAM was used to measure the photosynthetic activity of the 
lesions (Fig. 3.3). For both Porites lobata and P. lutea, healthy tissues in the same 
colony were used as intra-colony control. Other than intra-colony control, inter-colony 
control (healthy tissues in non-toppled colonies) of Porites lutea was also employed. 
3.2.5 Image and statistical analysis: 
Images recorded using the video camera were played back in the laboratory and 
captured in the computer using Cap View TV. The rate of lesion closure or healing of 
the lesion was calculated by comparing changes in the lesion areas recorded on the 
video images over time. Differences in the percentage of recovery over time and in the 
photosynthetic yield of the lesions were analyzed statistically using SPSS 10.0. 
3.3 Results: 
3.3.1 The regeneration of Acropora digitifera colonies subjected to experimental 
breakage: 
After artificial breakage, the area of each lesion on the colony surface was actually the 
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same as the cross sectional area of the branches. Therefore, the area of the lesions 
would be greater if the diameter of the branch was larger. As a result, the lesions were 
categorized into two sized groups (< lcm and > lcm ). 
All lesions recovered progressively over time (Figs. 3.4 and 3.5). Negative recovery 
was recorded in all patterns (up to -31%). The total time of recovery in lesions < 1 cm 
• 餐 參 2 . 
in size was obviously shorter than that of lesions > 1 cm in size. A plateau was clearly 
• 2 i • shown in the recovery patterns of > lcm lesions. In autumn 2002，one individual with 
> lcm lesions had low recovery rate at the beginning but subsequently experienced 
fast recovery, reaching total recovery in day 106. 
Recovery times varied for different branches. For easy comparison, the recovery time 
for each lesion (i.e. each broken branch) was standardized with the time of total 
recovery or the time of the last measurement being set as one and the rest being 
expressed as a fraction of this time (Fig. 3.6 to Fig. 3.9). The regeneration rate was best 
fitted using a sigmoid curve (for justifications, refer to Section 2.3.2). This curve can 
better describe the recovery pattern of coral lesion. In most cases, recovery rate at the 
beginning was slow and faster recovery rate was reached halfway (0.3 to 0.6 unit) from 
the standardized time. The recovery rate slowed down again before the 100% recovery 
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of the lesion was reached. Similar regeneration patterns were obtained on lesions in 
different group sizes (< 1 cm vs > 1 cm2) and on lesions inflicted in different seasons. 
In this experiment, the recovery of the artificial lesion was monitored at approximately 
every seven days interval. Because the sampling dates were not continuous, the exact 
date at which the coral had recovered completely (100% recovery) could not be 
determined. Therefore, the day when the injury reached a 90% recovery was estimated 
graphically and used in the statistical analyses to compare differences in the rate of 
recovery under different treatments. The lesions with initial lesion area > lcm in size 
needed 72 days and 66 days respectively to reach 90% recovery in experiments initiated 
in autumn 2002 and spring 2003. Lesions with initial lesion area < 1 cm2 needed 38 
days and 40 days respectively (Table 3.1). Furthermore, the number of days for the 
lesions to reach 90% recovery in the two sized groups was statistically significantly 
different in each experiment (Table 3.2). However, for each sized group, there was no 
significant difference in the number of days needed for the lesions to reach 90% 
recovery between the two seasons (Table 3.3). 
Although the photosynthetic activity of the lesions was recorded during every visit to 
monitor lesion recovery, only readings on the day of the initial infliction of the lesions, 
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at the point when lesion recovery was nearest to 50%, and at the point when lesion 
recovery was nearest to 90% were used in the statistical analyses. In autumn 2002 
experiment, the mean quantum yield of the controls (unbroken branches) was greater 
than 0.7 at different points of measurement corresponding to different percentages of 
lesion recovery while the mean quantum yield of the lesions was less than 0.7 (Fig. 
3.1 OA). In spring 2003 experiment, the mean quantum yield of the controls at points 
corresponding to different percentages of lesion recovery was higher than 0.65. The 
mean quantum yield of the lesions initially inflicted and at point of 50% recovery 
ranged from 0.40 to 0.60 and then increased to around 0.65 when the lesions reached 
90% recovery (Fig. 3.10B). Differences in quantum yield were recorded between 
lesions and controls at different points of lesion recovery (i.e. initially right after 
infliction, at 50% and 90% recoveries). In autumn 2002 study, significant differences 
in quantum yield between the lesions and controls were found in the three pairs of 
comparisons. In spring 2003 study, significant differences were only shown at the time 
when the lesions were newly inflicted and when 50% of lesion recovery was reached 
(one way ANOVA, P < 0.05). No significant differences in the quantum yield of lesions 
• i • 2 2 of different sized groups (i.e. lesion area < lcm vs. > lcm ) were detected at different 
points of lesion recovery (0%, 50% and 90% recovery) in both studies (Tukey test, P > 
0.05). 
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3.3.2 Photosynthetic activity of the fragments: 
Broken fragments oi Acropora digitifera can survive independently from their mother 
colony. In the autumn study, six fragments from the artificial breakage study were 
placed on the top of the colony. Throughout the monitoring, only one fragment was 
consumed by corallivorous gastropods. The other fragments were apparently healthy 
and their photosynthetic quantum yield ranged from 0.66 to 0.72, which was similar to 
that of the controls (unbroken branches) from 0.63 to 0.74 (Fig. 3.11 A). A different 
experiment was conducted in spring 2003 and seven fragments from the artificial 
breakage study were placed on the sand bottom. Predation by corallivorous gastropods 
was observed starting from day 11 until all the fragment tissues were consumed. In 
every visit, only the photosynthetic activity of part of the fragments not preyed by the 
gastropods was measured. Results showed that the quantum yield of these fragments 
ranged from 0.44 to 0.63 and was lower than that of the control (Fig. 3.1 IB). 
3.3.3 The regeneration of corals subjected to experimental toppling: 
Seven days after being toppled, the surface tissue of Porites lobata and Porites lutea 
experienced partial discolouration and retraction of polyps. Platygyra acuta and Favia 
favus showed complete loss of living tissue in the affected portions (Fig. 3.3). As a 
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result, P. lobata and P. lutea recovered eventually over time while P. acuta and F. favus 
did not. The recovery of lesions initiated in autumn was faster than those initiated in 
winter (26 days vs 85 days; figs 3.12 to 3.13). All lesions experienced negative 
recovery (up to -35%) at the beginning and then recovered gradually until total 
recovery or until the final sampling date. The lesions in both species required similar 
time for recovery when they were initiated in autumn (26 days). For the lesions 
initiated in winter, 71 days were needed for the recovery of lesions in P. lobata while 85 
days were needed for the lesions in P. lutea. For the lesions in P. lutea initiated in both 
seasons, few of the individuals experienced slower recovery at the beginning, but 
recovery became faster later on until full recovery was reached. 
Similar to that in the artificial breakage experiment, the percentage of recovery was 
also plotted against the standardized time (Fig. 3.14 to Fig. 3.17), the latter being the 
time when total recovery was achieved or the time when last sampling was taken. The 
percentage of recovery against standardized time was best expressed as a sigmoid 
recovery pattern (for justification, refer to chapter 2.3.2). However, for P. lutea in 
autumn 2002 and P. lobata in winter 2002, leveling off of the recovery pattern, i.e. the 
plateau of the exponential curve, was not clearly observed in the graphs. 
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Both Porites spp. needed more than 40 days for the lesions to reach 90% recovery in the 
winter experiment while less than 20 days were needed to reach the same in the autumn 
experiment (Table 3.4). As explained above (Section 3.3.1), the number of days for the 
lesions to reach 90% recovery was used in the statistical analyses. The recovery 
patterns of lesions in P, lobata and P. lutea were significantly similar in different 
seasons (autumn vs winter; Table 3.5，2-way ANOVA，p = 0.405). Within the same 
season, the number of days for the lesions to reach 90% recovery was not significantly 
different. For both species, the number of days for those lesions initiated in autumn to 
reach 90% recovery was significantly less than those initiated in winter. 
The photosynthetic activity of the toppled corals was measured before and seven days 
after they were toppled (the coral was being up-righted at this moment). In autumn 
2002 study, the mean quantum yield of Porites lobata, P. lutea, Platygyra acuta and F. 
favia was 0.69, 0.65, 0.71 and 0.71 respectively before they were toppled. The 
quantum yield of the affected area dropped to 0.24, 0.26 0.36 and 0.28 respectively 
after toppling (Fig. 3.18A). For all species, there were significant differences in their 
mean photosynthetic quantum yield before and after toppling (independent t-test, p < 
0.05). Similar to that observed in the autumn 2002 study, the mean photosynthetic 
quantum yield of P. lobata and P. lutea before toppling was significantly higher than 
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that of the coral colonies after they were toppled in the winter 2002 experiment 
(independent t-test, p < 0.05). However, the differences were not as large as those 
observed in autumn 2002. The quantum yield of P. lobata and P. lutea was 0.54 and 
0.51 respectively before toppling but dropped to 0.37 and 0.27 seven days after 
toppling (The latter was measured in the affected area). 
Similar to the analysis applied in the artificial breakage experiment, only the mean 
quantum yield of the corals on the day after being up-righted, on the day closest to 50% 
and 90% recovery, were used in the statistical analysis to compare the rate of recovery 
between species and between the seasonal effects of the experiment (Fig. 3.19 and fig. 
3.20). In both species and seasons, statistically significant differences were only found 
between the mean quantum yield of the lesions and controls on the day just after the 
colonies were being up-righted (1 way ANOVA, P < 0.05). Results also showed that 
the quantum yields of the inter- and intra- colony controls for Porites lutea were not 
statistically significantly different in all comparisons. 
3.4 Discussion: 
Coral colonies will be damaged if they are exposed to disturbances. Corals have the 
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ability to recover from different types of injury if the extent of the damage is not severe 
(Oren et al 2001, Meesters et al 1994). This study monitored the recovery ability of 
coral colonies subjected to artificial breakage or toppling damage. 
3.4.1 Rate of recovery of coral lesions inflicted by artificial breakage: 
Similar to those observed for tissue and scraping injuries (Chapter 2), the recovery 
pattern of the coral lesions due to breakage can best be described by a sigmoid curve. 
The rate was usually slow at the beginning, but increased exponentially thereafter 
before gradually decreasing again until reaching an asymptote (Meesters et al. 1994, 
1997a). Bak (1983) fitted the recovery pattern into a log transformed lesion area over 
time plot, indicating that the recovery rate was very fast in the beginning, but slowed 
down eventually. The difference in the pattern of recovery observed in this study with 
that of Bak (1983) is the negative recovery recorded at the beginning of the lesion 
recovery. Negative recovery was also documented by Oren et al. (1997). Their 
findings showed that algae could easily colonize or sediments could accumulate on the 
lesion so as to enlarge the wound. In breakage experiment, recruitment of algae was 
observed. This is believed to be one factor that causes the negative recovery. 
Furthermore, some tissues around the lesions may be partially damaged as well. 
Deterioration of these tissues would be the other factor that enlarged the lesion. 
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3.4.2 Size dependence of lesion recovery in artificial breakage study: 
The area of lesion was critical in determining the rate and duration of recovery of the 
injuries. The results of the experimental breakage study showed clearly that larger 
lesions needed more time to reach 90% recovery than did the smaller lesions in both 
seasons. Injuries with initial lesion size larger than lcm needed more than 65 days to 
• 9 • • • 
reach 90% recovery while those less than 1 cm in size (i.e., the smaller sized group) 
reached 90% recovery in less than 45 days. Lirman (2000b) also observed the 
regeneration rates to be significantly different among coral lesions that were small 
2 2 2 • 2 (0-5cm ), medium (5-10cm ) or large (10-20cm ) in sizes. The largest lesion (>20cm ) 
did not even recover over time. 
The major carbon source of hermatypic corals is from zooxanthellae (Muscatine 1990). 
Symbiotic zooxanthellae inside the coral tissue carry out photosynthesis and provide 
photosynthates for the corals. Spencer-Davies (1984) showed the energy for daily 
usage in Pocillopora eydouxi came from zooxanthellae. This showed a relationship 
between photosynthesis of symbiotic zooxanthellae and the energy acquisition of corals. 
Energy of coral colonies is presumed to be enhanced by photosynthesis. In this study, 
although the photosynthetic quantum yield of the undamaged (control) branches of the 
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corals (i.e., zooxanthellae) was significantly higher than that of the lesions, there was 
no significant difference in the photosynthetic quantum yield between the two sized 
groups of lesions. The lower the photosynthetic quantum yield of the lesions, the lesser 
was the energy uptake in the lesion area when compared with the controls. As the 
quantum yield of both sized lesions was similar, the energy uptake by photosynthesis 
might be similar between them. Hence, the energy level of the lesion in both sized 
groups might be similar and this was not the factor that contributed to the difference in 
their recovery rates. 
Competition is critical to the tissue recovery of lesion. The filamentous algae are 
spatial competitors with corals. They will colonize the lesion surface if the colony 
cannot protect itself successfully (Hall 1997, 2001, Lirman 2000b). Mucus production 
by the polyps is known to be a deterrent against colonization of the damaged tissue 
surfaces by other organisms (Benson et al. 1978). Hall (1997) suggested that removing 
the mucus producing tissue would fundamentally lower the lesion recovery rate. The 
lesion surfaces of branching corals in the experimental breakage study were the cross 
sectional surfaces of the branches. Only the peripheral tissue around the broken 
branches had the ability to produce mucus. Depending on the size diameter of the 
branch, the central part of the branch lesion might not receive the protection from the 
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peripheral tissues and hence could easily be colonized by the competitors, particularly 
filamentous algae. Hence, large lesions were more easily colonized by algae. As more 
coral energy would then be diverted to compete with the algae, more time would be 
needed in the recovery process. In this present study, most lesions with initial lesion 
size larger than lcm had been colonized by filamentous algae, hence their recovery 
rate was slower. No settlement of algae was found in lesions with initial lesion size 
smaller than lcm . This might be due to the presence of mucus produced by the 
peripheral tissue that provided a protective layer over the lesion surface. This increased 
the recovery rate of the smaller lesions. Oren et al. (1997) further suggested that the 
tentacles of the bordering undamaged tissue covered and protected the lesion surface at 
night time. However, the ratio of the lesion surface area with its perimeter must be low 
for this process to occur. This behaviour is believed to be species specific. 
For both large and small sized lesions, the number of days for the lesions to reach 90% 
recovery was not significantly different between autumn 2002 and spring 2003. Water 
temperature has been shown to affect the recovery rate of coral lesions (see Chapter 2). 
The mean length of time for lesions to reach 90% recovery was significantly shorter in 
summer (29°C to 31 °C) than in winter (15 °C to 16�C). However, the water 
temperature in autumn and spring was comparable and ranged from 20°C to 25°C. The 
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absence of large differences in the water temperature in these two seasons could explain 
the absence of significant differences in the recovery rate of the lesions in both studies. 
3.4.3 Fragmentation of the branching corals: 
Severe disturbances such as hurricane with strong energy waves are well-known factors 
causing destruction of branching corals (Lirman et al 1996, 1997，Blair et al 1994). 
Small-scale disturbances such as human diving activities are easily neglected, but could 
inflict damages to corals more frequently. Although these small-scale disturbances will 
not lead to a sudden phase change in the coral community nor local extinction of 
particular species, they will nevertheless cause a long term and continuous impact on 
the coral colonies (Bernhard and Andrea 1996). 
Fragmentation can be induced by either severe disturbances or small-scale disturbances. 
The branches can even break by their own weight (Bak 1976). Breaking of branches is 
very common in coral reef and is believed to be an adaptive strategy to high energy 
environments (Highsmith 1982). Fragments produced in the present experiments had 
been collected and placed on top of the colony or on the sand bottom separately. In the 
first experiment where branch fragments were placed on top of the colony, only the 
smallest fragment, 3 cm in length, experienced completed mortality. The other 
155 
Chapter 3 Breakage and Toppling 
fragments, all longer than 6 cm in length, showed stressful signal with extensive polyp 
retraction. The photosynthetic quantum yield of the fragments was similar to that of the 
undamaged branches in other healthy colonies. This indicated that these fragments 
continued to function well and could thus support themselves independently of their 
mother colony. In the second experiment where the fragments were placed on the sand 
bottom, all fragments experienced complete mortality eventually. The photosynthetic 
quantum yield of the undamaged parts of these fragments was lower than that of the 
undamaged branches in healthy colonies (Fig. 3.1 IB). Presumably less energy was 
gained by photosynthesis in these fragments showing low photosynthetic quantum 
yield. Furthermore, these fragments also attracted the predation by corallivorous 
gastropods. Under these circumstances, there was no chance for these fragments 
placed on the sand bottom to survive. 
Lirman (2000) obtained similar results in their fragmentation study. The fragments 
placed on the sand bottom were settled by sand and bleached within a week. Finally 
58% of the fragments experienced mortality in the first month. The fragments placed 
on the top of colony did not experience any tissue loss in the three months study period. 
Similar results on the influence of substratum on the survivorship of coral fragments 
were documented for other coral species (Wallace 1985, Yap and Gomez 1985). 
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Predation by corallivorous gastropods is one of the major factors to cause mortality of 
coral fragments. Feeding behaviour of gastropods on coral species, particularly on 
Acropora spp., is well documented (Brawley and Adey 1982, Turner 1994, Cumming 
1999). Corallivorous gastropods prefer stressed corals. Morton and Blackmore (2000) 
suggested that the gastropods Drupella rugosa tended to feed on scraped coral colonies 
than on un-stressed coral colonies. In the study of placing the fragments on sand 
bottom, fragments were under stress because of sedimentation. Retraction of polyps or 
even bleaching had occurred. This would be the stimulation to induce gastropods to 
prey on these fragments (Fig. 3.2). 
Fragmentation is a natural process in coral colonies，especially those found in high 
wave energy environment. Whether this process contributed to the development of the 
whole coral community would really depend on the costs and the benefits of this 
process. Sexual reproduction through planktonic larvae and asexual reproduction 
through fragmentation are two major processes to spread a coral population. 
Fragmentation is more advantageous than the larvae in terms of colonization and 
settlement since fragments can settle in a sandy substratum whereas larvae cannot 
(Highsmith 1980, Bothwell 1981). Highsmith (1982) showed that fragmentation 
157 
Chapter 3 Breakage and Toppling 
resulted in higher recruitment rate of corals than settlement from the planktonic larvae. 
Furthermore, single colony was restricted geometrically. Fragmentation can disperse 
small colonies further away from the host (Smith and Hughes 1999). Loya (1976) also 
suggested that coral growth rate would decline with increasing colony size, hence 
fragmentation could produce small fragments with high growth rate. These benefits are 
favourable for fragmentation. On the other hand, the cost of fragmentation includes 
damages on both the host colony and the fragments themselves. Reallocation of energy 
from growth, reproduction to recovery may happen (Rinkenich and Loya 1989). 
Chances for bioeroders to colonize the host colony or the fragments are increased 
because of exposure of fresh skeletal surfaces (Bak et al 1977). Furthermore, those 
fragments may be seriously damaged and they will experience mortality soon (Smith 
and Hughes 1999). Small fragments usually have higher mortality rate. They could 
also easily be washed away to unfavourable habitats by wave as well (Connell 1973, 
Smith and Hughes 1999). The rate of sexual reproduction of the fragments was also 
found to be significantly lower than that of healthy colony (Zakai et al 2000). 
In Hong Kong, Acropora is not a dominant genus but isolated colonies of various 
species can still be found in different coral communities. Strong energy waves, 
particularly those generated by typhoons in summer, and human disturbances such as 
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diving, can cause damages on branching coral. Hence, a large scale monitoring on the 
fragmentation rate and consequence of this destruction on Acroporidae should be 
conducted in different coral communities in order to have a more comprehensive view 
of this destruction to corals in Hong Kong. 
3.4.4 Recovery of experimental toppling: 
Although there have been studies about the effects of sedimentation or complete burial 
on different coral species (Rogers 1990, Rice and Hunter 1992, Wesseling et al 1999), 
there was a lack of study on the effect of partial burial on corals. Sufficient wave action 
can overturn corals easily but usually only part of the colonies is buried. Hence, partial 
burial study can simulate the effect of natural disturbance by strong waves more closely. 
The present study, although preliminary, showed that corals can recover if their tissue 
was not killed after toppling. 
For all the species examined, the photosynthetic quantum yield of the lesions, seven 
days after being toppled, was significantly lower than that of the coral colonies before 
toppling. During the period when corals were toppled, part of the coral colonies was 
smothered by the sediments on the bottom and no solar radiation could reach the lesion 
area. Physiological activities of the corals could likely be very much affected and 
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deterred. As a result, seven days after being toppled, the photosynthetic activity of the 
lesion (the part that was buried) would be inhibited and the lesion would experience 
discolouration or bleaching. 
After the colonies were up-righted, the photosynthetic quantum yield of the lesion was 
monitored during every visit. The quantum yield of the lesions increased throughout the 
study (e.g. from 0.24 to 0.64). Statistical analyses showed that significant difference 
was found only in between the quantum yield of the lesion and controls just after the 
coral colonies were being up-righted. This indicated that the photosynthesis of the 
zooxanthellae in the lesions returned to the normal rate as that in the controls at the time 
the lesions reached 50% recovery. The higher the photosynthetic quantum yield of the 
lesions, the more the energy was presumed to be taken up (Section 3.4.2). As a result, 
sufficient energy was gained by the lesions to enhance their recovery rate. 
After being up-righted, recovery took place progressively and the recovery rate was fast 
especially in autumn. On average, only about 25% of the coral surface tissue were 
under stress after being toppled. When the coral was being up-righted (the lesions was 
free from burial stress), the peripheral, unbleached tissue contributed energy and 
resources to the lesion portions to enhance their recovery. Wesseling et al (1999) 
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showed that discolouration of tissue started in Porites spp. tissue after 20 hours of 
burial and then 90% of tissues bleached after 68 hours of burial. Recovery of the 
lesions was completed after several weeks. In the present study, the lesions on Porites 
spp. colonies subjected to artificial toppling recovered totally. There was no significant 
difference in the number of days for the lesions to reach 90% recovery between Porites 
lutea and Porites lobata. However, lesions on Favia favus and Platygyra acuta 
experienced mortality after seven days of being toppled. This indicated that the 
influence of toppling to coral colonies was species specific. Wesseling et al (1999) 
showed that different species had different recovery rates towards short-term sediment 
burial with Porites spp. being comparatively insensitive to burial. Thompson (1980) 
drew similar conclusion as well. The shape of the coral colonies, the size of the 
corallite and the depth of the tissue layer are different among Porites spp., Platygyra 
spp. and Favia spp. These factors could influence coral tolerance towards 
sedimentation. 
The experimental toppling studies were conducted once in autumn and once in winter 
2002. The longer time for the lesion to reach 90% recovery in winter than in autumn 
may be due to the temperature effect. As Hong Kong water temperature ranges from 
around 28 °C in summer to around 16 °C in winter, water temperature is a potential 
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factor that influences coral recovery rate (Section 2.4.5). Experiments showed 
temperature affects the growth rate, mortality, reproduction, calcification and the 
overall health of corals (Brown 1997, Jokiel and Coles 1977, Ben-Haim et al 2003， 
Bassim and Sammarco 2003, Sheppard and Loughland 2002). For example, abnormal 
high temperature will cause bleaching and consequently mortality if the corals cannot 
recover (Brown 1997). Calcification rate of corals will decline when exposed to 
temperature above 28°C (Jokiel and Coles 1977). Similar with the results in chapter 2， 
low water temperature in winter is suggested to suppress some normal physiological 
activities in coral colonies. Thereby, only limited energy was available to be used in 
maintaining the life of the coral and no extra energy was available for recovery. As a 
result, the recovery rate of artificial lesion was reduced. 
Damages from artificial toppling may be very large. This could potentially affect the 
health of the whole coral colonies. As a result, the photosynthetic activity of the whole 
colony (intra-colony controls) would be affected. However, based on the experiments 
on P. lutea, there is no significant difference between the photosynthetic quantum yield 
of the inter-colony control and that of intra-colony control. This indicated that the 
overall health of the colonies was not affected by the lesions caused by toppling. Hence, 
although no inter-colony control was applied during the monitoring of P. lobata, the 
162 
Chapter 3 Breakage and Toppling 
overall health of P. lobata colonies was assumed not to be affected by the lesions caused 
by toppling on part of its colonies. 
A coral damage index (CDI) can be provided in order to monitor the extent and severity 
of physical damage of coral (Jameson et al 1999). Sites will be indicated as hot spot if 
in any transect there is greater than 4% of broken coral colonies or greater than 3% of 
coral rubble. In Hong Kong, corals experienced toppling or branching in the face of 
disturbances such as human activities or storm destruction. A CDI should be performed 
in different coral communities of Hong Kong. The percentage of coral toppled or 
fragmentation should be used as indicators to classify the extent and severity of 
physical damage of coral. As Hong Kong is a marginal environment of coral existence, 
CDI can be a good indicator to classify the destruction of reefs and this will be 
meaningful for the conservation of coral communities in Hong Kong. 
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Fig. 3.1 An example of an artificial breakage inflicted on the coral colonies by 
hammer and chisel. The ruler was used for calibration in computer image 
analysis. 
mm 
Fig. 3.2 Acropora digitifera fragments were put on the sand bottom in 
the experiment in spring 2003. (A) Predation of Acropora digitifera 
fragments by gastropods (Arrow). (B) Bare skeleton of A. digitifera 
after predation by gastropods. 
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mm 
Fig. 3.3 Close-up underwater video was used to record the recovery of 
the lesion and the ruler was used for calibration in computer image 
analysis. Partial mortality is found on the coral surface of Platygyra 
acuta after experimental burial for 7 days. 
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Fig. 3.4 Percentage recovery over time of lesions from artificial breakage of 
branches of Acropora digitifera. The initial lesion size was (A) smaller than 
lcm2 and (B) larger than lcm2. The injuries were initially inflicted in autumn 
2002 in five individual coral colonies. Number of lesions monitored repeatedly 
that were initially smaller than lcm2 = 8 or larger than lcm2 = 7. 
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Fig. 3.5 Percentage recovery over time of lesions from artificial breakage of 
branches of Acropora digitifera. The initial lesion size was (A) smaller than 
lcm2 and (B) larger than lcm2. The injuries were initially inflicted in spring 
2003 in five individual coral colonies. Number of lesions monitored repeatedly 
that were initially smaller than lcm2 = 7 or larger than lcm2 = 8. 
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Fig. 3.6 Percentage recovery over time of lesions from artificial breakage of 
branches of Acropora digitifera. The initial lesion size was smaller than lcm2 
and the injuries were initially inflicted in autumn 2002. The recovery time was 
standardized with the time of total recovery or the time of last measurement 
being set as 1 and the rest being expressed as a fraction of this time. Number of 
lesions monitored repeatedly = 8 in five individual coral colonies over a period 
of 59 days. 
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Fig. 3.7 Percentage recovery over time of lesions from artificial breakage of 
branches of Acropora digitifera. The initial lesion size was larger than 1 cm2 and 
the injuries were initially inflicted in autumn 2002. The recovery time was 
standardized with the time of total recovery or the time of last measurement 
being set as 1 and the rest being expressed as a fraction of this time. Number of 
lesions monitored repeatedly = 7 in five individual coral colonies over a period 
of 116 days. 
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Fig. 3.8 Percentage recovery over time of lesions from artificial breakage of 
branches of Acropora digitifera. The initial lesion size was smaller than lcm2 
and the injuries were initially inflicted in spring 2003. The recovery time was 
standardized with the time of total recovery or the time of last measurement 
being set as 1 and the rest being expressed as a fraction of this time. Number of 
lesions monitored repeatedly = 7 in five individual coral colonies over a period 
of 67 days. 
170 
Chapter 3 Breakage and Toppling 
120 -i 
100 ^ d n H 事 • 
8 0 -"...——,�——... ..... -7Jf： ..,‘•!..... • 
系 60 _ j^ J, # ^ ^ 
I 4 0 
I • 
Q 
• • • • 
_ 2 0 - — ， — J y = 9 3 . 7 / ( l + e x p ( - ( x - 0 . 3 ) / 0 . 1 ) ) 
# x2 = 0.93 
-40 -I 1 1 1 i i 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 
Standardized time 
Fig. 3.9 Percentage recovery over time of lesions from artificial breakage of 
branches of Acropora digitifera. The initial lesion size was larger than lcm2 and 
the injuries were initially inflicted in spring 2003. The recovery time was 
standardized with the time of total recovery or the time of last measurement 
being set as 1 and the rest being expressed as a fraction of this time. Number of 
lesions monitored repeatedly = 8 in five individual coral colonies over a period 
of 123 days. 
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Acropora digitifera : 
A. Autumn 2002 Experiment 
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Fig. 3.10 The mean photosynthetic quantum yield (+SD) measured using 
Diving PAM of new lesions (0%) inflicted by artificial breakage, lesions that 
showed 50% and 90% recovery from breakage injuries and the control branches 
of Acropora digitifera. (A) The injuries were inflicted in autumn 2002. (B) The 
injuries were inflicted in spring 2003. * Significant difference between both 
lesions and control (1-way ANOVA, p < 0.05). 
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Acropora digitifera : 
A. Autumn 2002 Experiment 
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Fig. 3.11 The photosynthetic quantum yield (±SD) of the broken fragments and 
the unbroken branches (control) of Acropora digitifera measured over time 
using Diving PAM.(A) All fragments were placed on top of the living colonies 
of A digitifera in the experimental breakage study initiated in autumn 2002. (B) 
All fragments were placed on the sand bottom near the living colonies in the 
experimental breakage study initiated in spring 2003. 
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Fig. 3.12 Percentage recovery over time of lesions inflected from artificial 
toppling of (A) Porites lob at a and (B) Porites lutea. The artificial toppling 
experiment of these colonies was initiated in autumn 2002. Number of colonies 
monitored repeatedly = 4 for both species. 
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Fig. 3.13 Percentage recovery over time of lesions inflected from artificial 
toppling of (A) Porites lobata and (B) Porites lutea. The artificial toppling 
experiment of these colonies was initiated in winter 2002. Number of colonies 
monitored repeatedly = 4 for P. lobata and number of colonies monitored 
repeatedly = 5 for P. lutea. 
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Fig. 3.14 Percentage recovery over time of lesions inflected from artificial 
toppling of Porites lobata. The artificial toppling experiment of P. lobata 
colonies was initiated in autumn 2002. The recovery time was standardized 
with the time of total recovery or the time of last measurement being set as 1 and 
the rest being expressed as a fraction of this time. Number of colonies 
monitored repeatedly = 4 over a period of 26 days. 
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Fig. 3.15 Percentage recovery over time of lesions inflicted from artificial 
toppling of Porites lutea. The artificial toppling experiment of P. lutea colonies 
was initiated in autumn 2002. The recovery time was standardized with the time 
of total recovery or the time of last measurement being set as 1 and the rest being 
expressed as a fraction of this time. Number of colonies monitored repeatedly = 
4 over a period of 26 days. 
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Fig. 3.16 Percentage recovery over time of lesions inflected from artificial 
toppling of Porites lobata. The artificial toppling experiment of R lobata 
colonies was initiated in winter 2002. The recovery time was standardized with 
the time of total recovery or the time of last measurement being set as 1 and the 
rest being expressed as a fraction of this time. Number of colonies monitored 
repeatedly = 4 over a period of 71 days. 
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Fig. 3.17 Percentage recovery over time of lesions inflicted from artificial 
toppling of Porites lutea. The artificial toppling experiment of P. lutea colonies 
was initiated in winter 2002. The recovery time was standardized with the time 
of total recovery or the time of last measurement being set as 1 and the rest being 
expressed as a fraction of this time. Number of colonies monitored repeatedly = 
4 over a period of 85 days. 
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Fig. 3.18 The mean photosynthetic quantum yield (+SD) of the lesions in 
different coral species measured by Diving PAM before and 7 days after being 
manually toppled in the experiment. (A) Artificial toppling experiment initiated 
in autumn 2002. The four species examined were Porites lobata, P. lutea, Favia 
favus and Platygyra acuta. (B) Artificial toppling experiment initiated in winter 
2002. The two species examined were Porites lobata and P. lutea. 
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Fig. 3.19 The mean photosynthetic quantum yield (+SD) measured using 
Diving PAM of new lesions (0%) inflicted by artificial toppling, lesions 
showing 50% and 90% recovery after toppling and the control in artificial 
toppling experiment initiated in autumn 2002. (A) Colonies of Porites lobata 
were manually toppled for 7 days. Only quantum yield of intra-colony control 
was used to compare with that of the experimental colonies. (B) Colonies of 
Porites lutea were manually toppled for 7 days and quantum yields of both intra-
/ inter-colony controls were used to compare with that of the experimental 
colonies. * Significant difference in quantum yield between lesions and controls 
(1-way ANOVA, p < 0.05). 1Q1 
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Fig. 3.20 The mean photosynthetic quantum yield (+SD) measured using 
Diving PAM of new lesions (0%) inflicted by artificial toppling, lesions 
showing 50% and 90% recovery after toppling and the control in artificial 
toppling experiment initiated in winter 2002. (A) Colonies of Porites lobata 
were manually toppled for 7 days. Only quantum yield of intra-colony control 
was used to compare with that of the experimental colonies. (B) Colonies of 
Porites lutea were manually toppled for 7 days and quantum yields of both intra-
/ inter-colony controls were used to compare with that of the experimental 
colonies. * Significant difference in quantum yield between lesions and controls (1-way ANOVA, p < 0.05). 
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Table 3.1 The average number of days for the lesion inflicted by breakage to reach 90% 
recovery in Acropora digitifera. Breakage of branches was initiated in different 
seasons. 
Season Lesion size N Mean 士 SD (days) 
autumn 2002 >1 cm2 8 72.34 士 26.40 
autumn 2002 < lcm2 7 38.07 士 12.23 
spring 2003 >1 cm2 7 66.29 士 24.77 
spring 2003 < lcm2 8 40.42 ±6.21 
Table 3.2 The results of Mann-Whitney U test on the difference in the number of days 
2 2 • • • 1 for lesions of two sizes (< 1 cm and > 1 cm ) in Acropora digitifera inflicted by 
artificial breakage to reach 90% recovery in different seasons. Significant P values (P 
< 0.05) are given in bold. 
Seasons P-value 
autumn 2002 0.021 
spring 2003 0.008 
Table 3.3 The results of independent t-test on the difference in the number of days for 
lesions in Acropora digitifera inflicted in autumn 2002 and spring 2003 to reach 90% 
recovery. The statistical tests were applied separately on lesions of different sizes. 
Lesion size P-value 
>1 cm2 0.656 
<lcm2 0.640 
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Table 3.4 The average number of days for the lesion inflicted by toppling to reach 90% 
recovery in Porites lobata and Porites lutea. Artificial toppling of colonies was 
initiated in different seasons. 
Season Coral species N Mean 士 SD (days) 
Autumn 2002 Porites lobata 4 16.16 士 5.56 
Autumn 2002 Porites lutea 4 17.80 ±5.07 
winter 2002 Porites lobata 4 53.82 ±6.76 
winter 2002 Porites lutea 5 44.96 士 20.82 
Table 3.5 The results of 2-way ANOVA on the difference in the number of days for two 
coral species, Porites lobata and Porites lutea, toppled for 7 days in two separate 
seasons, to reach 90% recovery. Significant P values (P < 0.05) are given in bold. 
Source df Mean Square F P 
Seasons 1 4471.94 24.96 < 0.001 
Species 1 54.18 0.34 0.565 
Seasons * Species 1 164.62 1.03 0.405 
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Chapter 4 
The regeneration of bleached scleractinian corals 
4.1 Introduction: 
The major carbon sources of hermatypic coral are from their symbiotic unicellular 
algae, zooxanthellae (Muscatine 1990). Photosynthesis by zooxanthellae changes 
carbon dioxide to carbohydrate and also synthesizes ATP for the use of the coral 
colonies (Demmig-Adams 1990). Coral colonies gain energy under this mutualism. 
However, bleaching of colonies may happen and photosynthesis of zooxanthellae will 
be affected if coral colonies are under certain stresses. 
Coral bleaching is defined as the loss of symbiotic zooxanthellae or their pigments in 
the coral colonies (Brown 1997, Fitt et al. 2001). Loss of coral colouration can be used 
as a signal to indicate coral bleaching. Although this identification cannot show the 
details of coral bleaching, it serves as an indication to sound the alarm that coral 
bleaching is taking place (Fitt et al. 2001). The first detailed description of coral 
bleaching was recorded two decades ago (Glynn 1984). Over these 20 years, different 
degrees of coral bleaching had occurred in different places all over the world and 
resulted in significant coral mortality (Glynn 1993, Brown 1997). In 1998, the most 
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widespread and serious bleaching event ever recorded was reported around the world. 
Reef communities in more than 42 countries were affected, including those in Sri 
Lanka, Maldives, India, Kenya, Tanzania and the Indo Pacific (Wilkinson et al 1999). 
Sudden changes in the environmental factors may result in coral bleaching (Loya et al. 
2001). The most well documented reason of coral bleaching was the rise in seawater 
temperature to become higher than normal (Glynn and D'Croz 1990, Brown and Ogden 
1993, Hoegh-Guldberg and Salvat 1995). Brown (1997) pointed out that most of the 
coral bleaching cases were due to elevated seawater temperatures. In Phuket, Thailand, 
long term seawater monitoring showed that the highest temperatures ever recorded over 
50 years were in 1991 and 1995 and it was the main reason for the mass bleaching 
events in 1991 and 1995 (Brown et al 1996). Other than abnormal high water 
temperature, abnormal low seawater temperature (Coles and Fadlallah 1991), solar 
radiation (Dunne and Broww 2001), reduced salinity (Moberg et al. 1997), diseases 
(Kushmaro et. al. 1996) and sedimentation (Philipp and Fabricius 2003) cause coral 
bleaching as well. Recent studies pointed out that the complex bleaching events were 
probably responses to a combination of different stresses like temperature and 
irradiance. Therefore, the importance of each factor cannot be separated and weighed 
independently (Brown 1997, Dunne and Brown 2001). 
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Bleaching affects corals. It reduces the growth, sexual reproduction and regeneration 
rates of corals, increases the chances of bacterial infection or diseases and even causes 
mortality (Szmant and Gassman 1990, Meesters and Bak 1993, Harvell et al. 1999, 
Wilkinson et al. 1999). Bleached coral colonies can usually survive and return to their 
normal integrity within one year (Fitt et al 1993, Porter and Meier 1992). However, 
severe bleaching events cause degradation of coral community. Coral mortality due to 
bleaching is species specific or growth form specific. Branching corals like Acropora 
spp. and Pocillopora spp. are most susceptible to mortality after bleaching (Loya et al 
2001, Gleason 1993，Stimson et al. 2002). About 98% of branching corals in the 
artificial reefs of Maldives died after the bleaching event in 1998 (Edwards et al 2001). 
As a result, there was a 20 times reduction of live coral coverage in the reef. Eventually, 
a post-bleaching reef became dominated by coralline, turf or fleshy algae and sponge 
(McClanahan 2000). 
In 1998, although there was an unprecedented massive bleaching event in the 
Indo-Pacific reefs due to the abnormal high water temperature, this was not 
experienced in Hong Kong. The coral community in Tung Ping Chau did not suffer 
from extensive bleaching. However, in 2001, coral bleaching was noted in the Tung 
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Ping Chau coral community. This bleaching event was first noticed in August and was 
over in November. Hydnophora spp., Montipora spp., Goniopora spp. and Acropora 
spp. were found to exhibit different degrees of bleaching. Other than this bleaching 
event, Porites lutea was found to bleach regularly every winter. In winter, 
discolouration of P. lutea is observed in Tung Ping Chau reef. The colour of some 
colonies changes from deep brown to pale brown or even pale green. Different from 
the bleaching events in other parts of the world, the colouration of the colonies seldom 
turns into pale white. The bleaching period of P. lutea is usually from January to May 
and most of the colonies can survive after bleaching. 
As Hong Kong corals have the ability to survive after bleaching, it is worth to monitor 
the regeneration ability of bleached coral colonies. In the present study, Pulse 
Amplitude Modulated (PAM) Fluorometer (the Diving PAM, Walz Gmbg Germany) 
was used. PAM provides a rapid and non-intrusive method to monitor the 
photosynthetic quantum yield of zooxanthellae in the coral colonies. By using PAM, 
the regeneration ability of bleached Hydnophora exesa, Montipora turgescens and 
Porites lutea were studied based on the differences in photosynthetic activity of the 
zooxanthellae in these coral colonies. 
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4.2 Methods and Materials: 
4.2.1 Study Site and Species chosen: 
This experiment was conducted in A Ye Wan, Tung Ping Chau (see Chapter 1 for 
detailed description of the study site). Hydnophora exesa and Montipora turgescens 
are encrusting corals that are fairly common in the study site. Bleaching of 7/. exesa 
and M. turgescens were first noticed in late August 2001. Some colonies were 
completely bleached to become white in colour with polyps retracted. However, some 
colonies of H. exesa were only partially bleached with white spots on the brownish 
green colony surfaces. In Hong Kong, there is no comprehensive monitoring on the 
photosynthetic activity of the bleached colonies of these two particular species, hence 
they were chosen in this study. As different colonies of H. exesa exhibited different 
degrees of bleaching, differences in their photosynthetic activity were monitored over 
the period of their recovery from bleaching. Other than monitoring the photosynthetic 
activities of bleached corals in summer, study on bleached corals was also conducted in 
winter. Porites lutea is a massive and main reef building coral which is very abundant 
in Hong Kong, including Tung Ping Chau. Bleaching of this species was observed in 
previous winters (Choi 2002 and Choi 2003). Different from the bleaching events in 
other parts of the world, the colour of Porites colonies changes to pale green rather than 
white during winter bleaching. Owing to the importance of this coral species to the reef 
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community in Hong Kong, it was chosen for monitoring of its photosynthetic activity 
under bleached conditions. 
4.2.2 Recovery of bleached corals in summer 2001: 
Sixteen colonies of H. exesa (diameter � 4 0 c m ) and eight colonies of M. turgescens 
(diameter � 1 5 cm) were marked and monitored for their photosynthetic activity from 
September 2001 to November 2001. The colonies were marked a week after they were 
found to be bleached. Owing to the different degrees of bleaching shown by H. exesa, 
marked colonies of this species were classified as non-bleached colonies, partially 
bleached colonies and totally bleached colonies (Fig. 4.1). Non-bleached coral (NBC) 
was defined as healthy colonies with normal brownish green colour and extended 
tentacles. Partially bleached colonies (PBC) had retracted tentacles and patches of 
whitened colour visible on the coral surface. Colonies with retracted tentacles and were 
completely white in colour were considered as totally bleached colonies (TBC). For M. 
turgescens, only colonies with visibly whitened colour were found, hence all samples 
were defined as totally bleached colonies (Fig. 4.2). The photosynthetic activity of all 
these samples was measured by a diving Pulse Amplitude Modulated Fluorometer 
(Diving PAM). Ten readings were taken from each colony every week starting from 
September 2001 until all colonies had recovered or died. 
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4.2.3 Recovery of bleached corals in winter: 
Monitoring for the recovery of bleached Porites lutea colonies was conducted in 
January 2002 and 2003 (Fig. 4.3). In each experiment, 22 colonies were marked and 
their photosynthetic activities were monitored using diving PAM. Based on the initial 
degrees of bleaching, these colonies were classified into three groups. Non-bleached 
colonies (NBC) were the healthy colonies with normal brown colour and extended 
tentacles. Partially bleached colonies (PBC) were colonies with retracted tentacles and 
showing pale brown colour. Totally bleached colonies (TBC) were colonies with 
retracted tentacles and were pale green in colour. A biweekly monitoring was 
conducted in 2002 study while a weekly monitoring was conducted in 2003 study. In 
each case, ten readings were taken from each colony until all colonies had recovered. 
The classification of colonies into different groups based on their degrees of bleaching 
was simply based on human perception of colour differences and the degrees of tentacle 
retraction. Human error might influence the accuracy of the classification. In order to 
test the accuracy of this classification scheme, images of the colonies in the 2003 
survey were recorded and their colour intensity was analyzed by an Image Analysis 
Software, Image Pro-Plus 4.5 (Media Cybernetics). 
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4.2.4 Physical parameters: 
Water temperature was measured in-situ by an underwater temperature probe (Minilog 
TP, Vemco Inc., Halifax, Canada) in the shallow water (-lm CD) in AYW at every half 
hour interval. Bi-weekly mean temperature was calculated as the average of all 
temperatures measured within the two weeks period. Monthly salinity level was 
measured in-situ using a refractometer from March 2002 to August 2003. As there 
were no salinity data for 2001, the monthly rainfall of Tung Ping Chau from January 
2001 to February 2002 was consulted as a reference (data obtained from The Hong 
Kong Observatory). 
4.2.5 Statistical analysis: 
The photosynthetic quantum yield was hypothesized to be different in different 
bleaching groups. In order to test for these differences, One way ANOVA was used to 
compare the photosynthetic quantum yield of colonies of Hydnophora exesa in day 0, 
day 26 and day 57 of the monitoring period. Kruskal Wallis Test was used to compare 
the quantum yield of Montipora turgescens in different sampling days. Furthermore, 
ANOVA with repeated measures was used to analyze the photosynthetic quantum yield 
of the bleaching Porites lutea colonies in the winter surveys. 
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4.3 Results: 
4.3.1 Photosynthetic quantum yield of Hydnophora exes a: 
The overall pattern was similar in all groups of Hydnophora exesa (Fig. 4.4). For all 
colonies, including the non-bleached colonies, there was a drop in their photosynthetic 
yield from the beginning to day 8. The yield increased gradually thereafter, but at 
different rates, and eventually became similar. All colonies returned to normal with 
brown colour and extended tentacles at the end of the experiments. During the recovery 
period, the photosynthetic quantum yield of non-bleached and bleached colonies was 
totally different. The quantum yield was the highest in the non-bleached colonies while 
the lowest in the totally bleached colonies, that of partially bleached colonies was in 
between. In non-bleached colonies, the quantum yield ranged from 0.540 to 0.684. 
The quantum yield of the totally bleached colonies was 0.268 at the beginning, became 
lowest in day 8 at around 0.197. There was a clear increasing trend from 0.197 in day 8 
to the final yield of 0.651 at day 57. Meanwhile, the colour of the colonies was also 
observed to change from white to normal brown colour. In partially bleached colonies, 
a similar increasing trend was obtained. The quantum yield was 0.459 at the start, 
dropped to 0.366 at day 8. The photosynthetic activity recovered from day 8 to 0.669 in 
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day 57. The photosynthetic quantum yields of day 0，day 26 and day 57 were used to 
represent respectively the beginning, middle and final stages of recovery in the 
experiments. Results from one way ANOVA showed that there was significant 
difference in the photosynthetic yield of these three groups in day 0 and day 26 but not 
in day 57 (Table 4.2). The quantum yield of totally bleached colonies was statistically 
significantly lower than those of the partially and non-bleached colonies in day 0 and 
26, but was not different in day 57. For partially bleached colonies, the quantum yield 
was significantly lower than that of non-bleached colonies in day 0 but not in day 26 
and day 57 (Tukey's Test, p < 0.05). 
4.3.2 Photosynthetic quantum yield of Montipora turgescens: 
Without the normal unbleached colonies serving as controls as none was found, it was 
difficult to tell if there was an increasing trend in the photosynthetic activities of 
Montipora turgescens (Fig. 4.5). The mean photosynthetic quantum yield was 0.403 on 
the first sampling day and then increased gradually to 0.518 in day 47. Finally, the 
quantum yield dropped to 0.455 in day 57. Although the mean quantum yield 
fluctuated with time, the yield between different sampling days was not significantly 
different (Kruskal Wallis H test, p = 0.175). As all colonies experienced mortality at 
different times, the photosynthetic activities recorded above were only measured on 
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live colonies. The first colony died in day 5. The others died gradually within the 
sampling period and finally the last two colonies died in day 57. Clumps of gastropods 
were found to prey on coral tissue when the colonies were dying. The maximum 
number of gastropods feeding on a single dying colony (diameter � 1 5 cm) was 20. 
4.3.3 Photosynthetic quantum yield of winter bleached Porites lutea: 
In both bleaching events of 2002 and 2003, the quantum yield of the three groups of 
Porites lutea, non-bleached, partially bleached to totally bleached, fluctuated in a 
similar pattern (Fig. 4.6). Hence, there was no significant difference in the 
photosynthetic yield of the non-bleached colonies and that of both groups of bleached 
colonies in 2002 and 2003 (ANOVA with repeated measure, p = 0.973 in 2002 survey 
and p = 0.898 in 2003 survey). For the monitoring in 2002，the photosynthetic quantum 
yield of the three bleaching groups was between the range of 0.550 to 0.566 (NBC: 
0.550, PBC: 0.550, TBC: 0.566) at the start and this then dropped gradually to a range 
of 0.418 to 0.423 (NBC: 0.414, PBC: 0.408, TBC: 0.423) in day 50. An increase in 
photosynthetic quantum yield was recorded between day 50 to day 78 (quantum yield 
of NBC: 0.658，PBC: 0.668，TBC: 0.662) and this then leveled off till day 148 
(quantum yield ofNBC: 0.654, PBC: 0.651, TBC: 0.645). The photosynthetic quantum 
yield of all three bleaching groups was closely related with the seawater temperature. 
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Pearson product-moment correlation indicated a significant positive association 
between photosynthetic quantum yield and seawater temperature (Table 4.4). Sea 
water temperature in AYW at day 0 was 17.75 °C. This gradually decreased to the 
minimum temperature of the period (17.32 °C) in day 50. Finally the water temperature 
reached 28.66 °C after 98 days. Quantum yields reached the maximum value when the 
temperature was 20.94 °C. 
In the bleaching event of 2003，similar results were observed. The photosynthetic 
quantum yield of all bleaching groups fluctuated in a related pattern (Fig. 4.6B). The 
quantum yield of the three bleaching groups started at a range of 0.549 to 0.598 (NBC: 
0.598, PBC: 0.575, TBC: 0.549) and suddenly dropped in day 8 to less than 0.400 
(quantum yield of NBC: 0.385, PBC: 0.359, TBC: 0.397). There was a gradual 
increase in the quantum yield from day 8 to day 57 to about 0.600 (quantum yield of 
NBC: 0.633, PBC: 0.645，TBC: 0.614) and this leveled off till day 118 (quantum yield 
of NBC: 0.650, PBC: 0.634, TBC: 0.649). It was noted that the photosynthetic 
quantum yield dropped suddenly in day 64 (quantum yield of NBC: 0.462, PBC: 0.512, 
TBC: 0.452) and then rose dramatically afterward. The water temperature profile was 
also related with the photosynthetic quantum yield of P. lutea. Pearson 
product-moment correlation indicated a significant positive association between 
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photosynthetic quantum yield and seawater temperature (Table 4.4). The water 
temperature started at 16.79 °C and then dropped to the minimum of 16.58 °C in day 8. 
Afterwards, it increased gradually with few fluctuations to reach 27.12 °C in day 118. 
The quantum yield leveled off at the temperature of 20.08 °C. 
In the winter bleaching event of2003, the photosynthetic activity of P. lutea was not the 
only factor monitored. Changes in the colour intensity of the coral colonies were also 
assessed using digital imagery. The mean intensity of non-bleached colonies, partially 
bleached colonies and totally bleached colonies was 0.14, 0.02 and -0.14 pixels 
respectively. The result showed that there was significant difference in the colour 
intensity between the non-bleached colonies and that of colonies experiencing different 
degrees of bleaching (Kruskal Wallis Test, p = 0.009). 
4.3.4 Physical parameters: 
There was a clear annual seasonal pattern of water temperature change from 1997 to 
2003 (Fig. 4.7). The highest temperature was recorded in July or August while the 
lowest temperature was in January or February. In August 1998 and 2001, the monthly 
mean temperatures recorded were 30.07 °C and 30.63 °C respectively. These were the 
only two records that were higher than 30 °C in the last seven years. The increase in the 
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water temperature in August 1998 might be related with the global El Nino effects. 
Comparing the monthly temperature of 2001 to the average monthly temperature from 
1997 to 2003, it can be concluded that the summer temperature of 2001 was unusually 
higher than the average monthly temperature of these 7 years (Fig. 4.8) The 
temperature in August 2001 (30.63 °C) was even 1.8 °C higher than the average. 
Lacking salinity profile of the seawater from 1997 to 2002, the monthly total rainfalls 
were used as indicators of salinity change (Fig. 4.9). There were two specific peaks on 
August 1997 and June and July 2001. The total rainfalls were 564 mm in August 1997 
and 764.5 mm and 547 mm in June and July 2001 respectively. With the two months 
with extremely high amount of rainfall, the total rainfall of Hong Kong in 2001 was 
3091.8mm, which was the fourth highest recorded in Hong Kong since recording 
started in 1884 (data from The Hong Kong Observatory). By comparing the monthly 
rainfall in Tung Ping Chau of 2001 and the mean monthly rainfall of Hong Kong in the 
past 50 years, the rainfall in summer 2001 was higher than the average with the largest 
difference (388.5 mm) being recorded in June 2001 (Fig. 4.10). The monthly rainfall of 
1998, however, was usually lower than the mean monthly rainfall of Hong Kong in the 
past 50 years. Started from 2002, salinity of seawater around Tung Ping Chau was 
recorded every two weeks. From 2002 to 2003, the highest salinity of 34.50 /oo was 
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recorded in April 2002 while the lowest at 30.67 °/00 was recorded in August 2002. 
Pearson product-moment correlation indicated a significant negative association 
between monthly salinity and monthly rainfall (r = -0.623, P = 0.01). Thereby, salinity 
would increase with decreased monthly rainfall and vice versa (Fig. 4.11). 
4.4 Discussion: 
The underwater Pulse Amplitude Modulated fluorometry (PAM) is an instrument to 
determine the photosynthetic activity of marine plants in situ. This allows a rapid and 
non-intrusive method to analyze the photosynthesis of coral in details as well. By using 
the PAM, not only can some general surveys on coral bleaching be performed (i.e. the 
percentage of bleached coral or mortality of bleached coral), more specific 
photosynthetic monitoring on single colony, such as on specific bleached coral colonies, 
can be conducted. In this study, there was a significant drop in the photosynthetic yield 
of Hydnophora exes a during the summer bleaching event, but not so for Porites lutea 
during winter bleaching. 
4.4.1 Bleaching affects photosynthesis: 
External stresses such as elevated seawater temperature, cyanide, solar radiation and 
cold shock could impair the photosynthesis of coral colonies (Jones et al 1999). 
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Bleaching is the typical symptom associated with such stresses. As the appearance of a 
bleached coral is pale to white in colour，it is possible to monitor the percentage of 
bleached colonies in a community by observation. However，PAM can further allow 
the measurement of physiological activities (i.e. photosynthetic quantum yield in PSII) 
of the zooxanthellae that inhabit the stressed colonies. 
Elevated water temperature is the most widely considered stress that causes bleaching 
in coral. Many laboratory-based studies have assessed the photosynthetic quantum 
yield of corals under heat stress. In general, corals bleach if they are submersed in 
higher than normal water temperature for prolonged period. Stylophora pistillata was 
placed in water with temperatures of 28, 30, 32, or 34 °C for 4 hours to monitor the 
photosynthetic quantum yield of the colonies (Jones et al 1998). Their results showed 
that the photosynthetic quantum yield was significantly decreased when the colonies 
were placed in 32 and 34 °C water. Prolonged heat shock also significantly decreased 
the quantum yield. Warner et al (1999) found that the Fv/Fm of Montastrea annularis 
decreased gradually when the colonies were placed in water with 31.5 °C for 50 hours. 
Other than elevated seawater temperature, experimental results also indicated that the 
quantum yield of colonies decreased significantly under stresses such as sedimentation 
and cyanide exposure (Jones et al 1999，Philipp and Fabricius 2003). 
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In this study, the photosynthetic quantum yield of Hydnophora exesa was significantly 
different under different degrees of bleaching (i.e. NBC > PBC > TBC). Furthermore, 
there was a clear increasing trend of quantum yield of TBC and PBC with time. This 
trend represented the recovery of coral colonies from bleaching. The colour of TBC 
and PBC also changed from pale white to normal brown with extended tentacles over 
the colony surface. Recovery of corals from bleaching was monitored in the laboratory 
by Jones et al (2000). After submersing the colonies in 28 °C water for 48 hours, the 
Fv/Em dropped significantly in the beginning and then started to increase gradually 
within 15 days. After the colonies recovered, they re-gained the concentration of 
zooxanthellae or chlorophyll so that their photosynthesis returned to normal. 
In Tung Ping Chau, summer bleaching was a reversible incident for colonies of 
Hydnophora exesa, but an irreversible event for Montipora turgescens. All sampled 
colonies of the latter died after the bleaching event of summer 2001. The mean 
quantum yield of Montipora turgescens ranged between 0.37 to 0.52. No significant 
differences in the photosynthetic yield between different sampling days were observed, 
indicating that there was no recovery for these colonies. The colonies remained pale 
white in colour before dying. Severe bleaching damages the colonies by tissue 
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shrinkage or by reducing their photosynthetic ability (Diaz-Pulido and McCook 2002, 
Jones et al 1998, 2000). Thereby, the coral colonies were weakened and this attracted 
the gastropods to prey on the colonies. Predation by gastropods might be the direct 
cause of mortality of the bleached Montipora turgescens. Mortality caused by 
bleaching is widely documented worldwide. In Maldives, at least 98% of the branching 
corals in the artificial reef died after the bleaching event in 1998 (Edwards et al 2001). 
Bleaching events in Sesoko Island, Japan in 1998 also reduced 61% of coral species 
richness and 85% of coral coverage (Loya et al 2001). 
Elevated seawater temperature and abnormal heavy rainfall were probably the two 
major causes of the bleaching event in summer 2001. In Tung Ping Chau, the mean 
water temperature usually ranged from 28 °C to 30 °C in summer and 15 °C to 17 °C in 
winter (Fig. 4.7). However, the mean temperatures in August 1998 and 2001 were 
30.07 °C and 30.63 °C respectively. These were the highest temperatures recorded 
from 1997 to 2003. By comparing the average monthly temperature profile of these 7 
years with the monthly temperature of 2001，the water temperature of July to 
September 2001 was higher than the average with the largest difference being 1.8 °C in 
August (Fig. 4.8). Bleaching could happen even when the seawater temperature 
exceeded the average by only 1 to 2 °C (Brown et al. 1996). Thereby, seawater 
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temperature might be related with the bleaching of H. exesa. High temperature (e.g. 
30.62 °C in August) might stress the colonies and caused bleaching. Once the 
temperature lowered (i.e. stress released), the photosynthetic quantum yield of the 
colonies, even that of non-bleached colonies increased. No bleaching of H. exesa was 
ever recorded in winter, suggesting that is more tolerant to low water temperature. 
In Tung Ping Chau, although there were abnormal high seawater temperatures in both 
August 1998 and 2001, more extensive bleaching only happened in 2001. There should 
be other factors causing this bleaching event. Salinity change was the other suspected 
cause of the bleaching event. Low salinity was already documented as a factor causing 
bleaching of corals (Moberg et al 1997). Furthermore, extremely low salinity, such as 
15 to 20 °/oo, was lethal to the reef corals (Jokiel et al. 1993). Since the salinity of Tung 
Ping Chau was not monitored, the amount of total rainfall was used as an indication of 
salinity change. Good correlation between salinity and rainfall indicated that more total 
rainfall resulted in lower salinity. Heavy rainfall caused mortality of corals as well (Van 
Woesik et al 1995). Their results suggested that 2000 mm of total rainfall within 2 
weeks in the Great Barrier Reef caused extreme floodwater flux into the coral reef and 
damaged the colonies in the reef. In the present study, the total rainfall of June and July 
in 2001 was the highest (764.5mm and 547mm) from 1997 to 2002 while that of June 
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and July 1998 (299mm and 138.5mm) did not generate a significant peak in the total 
rainfall profile (Fig. 4.9). Comparing the average total rainfall of Hong Kong in the 
past 50 years with the monthly rainfall of 1998 and 2001, the total rainfall of 1998 was 
lower than the average for the whole summer, but that of 2001 was higher than the 
average for May to July with the largest difference being 388.5 mm in June (Fig. 4.10). 
This indicated that the salinity of summer in 2001 might be lower than normal. It is 
thus very likely that bleaching observed in summer 2001 was caused by heavy rainfall. 
Abnormally high temperature and heavy rainfall co-incidentally happened in the same 
year (i.e. 2001). There is no way to explain the bleaching of H. exesa as being solely 
due to heavy rainfall or a combination of heavy rainfall with high water temperature. It 
is noted that the summer water temperature was near 30 °C in the following two years 
(2002, 2003). However, similar to 1998, there was no bleaching of H. exesa recorded. 
Thereby, temperature should not be the single factor causing bleaching. Further ex-situ 
experiments such as simulation of high water temperature with low salinity may be 
conducted in order to address the problem. 
Both H. exesa and M. turgescens experienced bleaching in summer 2001. However, all 
colonies of H. exesa recovered while all M. turgescens died. There should be some 
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differences between these two species to cause such difference in their destiny. 
Symbiotic dinoflagellate algae carried out photosynthesis and then transferred the 
energy and carbon products to the coral colonies. They could be the major carbon 
sources of corals (Muscatine 1990). Different localities, species and even colonies of 
corals contain different strains of zooxanthellae (Rowan and Powers 1991) and some 
colonies even have more than one strain of zooxanthellae (Rowan and Knowlton 1995). 
Furthermore, the photosynthetic activity under high temperatures was different for 
different strains of zooxanthellae (Perez et al. 2001). The differences in the fates of H. 
exesa and M turgescens might be because of the different strains of zooxanthellae they 
have in their colonies. In Hong Kong, there was no study to identify the strains of 
Symbiodinium in H. exesa and M. turgescens so more investigations should be 
conducted in order to support this hypothesis. 
Differences in coral morphology were also hypothesized to cause different fates of 
corals after bleaching. Patterson (1992) pointed out that translocation of resources and 
by-products varied in different shapes of marine invertebrates. Organisms which are 
flattened in shape allow faster laminar or turbulent flow rate over their surface than thin, 
cylindrical organisms. Under adverse environmental circumstances like coral 
bleaching, faster translocation of resources and by-products would enhance the 
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survivorship of coral colonies since the by-products (superoxides and other oxygen 
radicals) could be removed faster. According to their thin and cylindrical shape, 
branching coral such as Acropora spp. or Pocillopora spp. are most susceptible to 
experience mortality after bleaching events (Loya et al 2001). Within this decade, 
branching coral abundance was reduced most by environmental changes, especially the 
high water temperature due to the El Nino effect in 1998 (McClanahan 2000, Loya et al 
2001，Stimson et al. 2002, Gleason 1993). Both Hydnophora exesa and Montipora 
turgescens in the present study are encrusting corals and their mass transfer rates are 
expected to be similar. This being the case, differences in morphology is unlikely to be 
the reason causing differences in their fate after bleaching. 
Tissue thickness has also been invoked to explain differences in the fate of the bleached 
coral colonies. The density of zooxanthellae was proportional with the amount of host 
tissue (Fitt et al. 2001). This indicated that the thicker the tissue, the higher the density 
of the zooxanthellae in corals. Warner et al. (1999) suggested that high density of 
zooxanthellae resulted in self-shading effects so that less damage was received by the 
colonies. Furthermore, tissue retraction and self-shading effects were more effective in 
thick-tissued species (Loya et al. 2001). Their findings also indicated that the tissue 
thickness of massive and encrusting species was generally thicker than that of 
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branching species. Brown et al (1995) also showed that the exposed outer layer of 
coral tissue suffered from more bleaching than the inner layer of tissue that was shaded 
by the oral tissue and skeletal elements. In the present study, although both species 
were encrusting in growth form, the tissue thickness was different. The tissue of H. 
exesa was significantly thicker than that of M. turgescens (Independent t test, p < 0.001). 
The thicker the tissue, the more is the amount of zooxanthellae under the protection of 
the self-shading mechanism. Once the adverse environment became suitable for corals, 
the relatively healthier zooxanthellae acted as the major food provider to increase the 
survivorship of the colonies. This could explain why all H. exesa survived. 
4.4.2 Temperature regulating the photosynthesis: 
Abnormal seawater temperature causing coral bleaching was widely documented. 
Most researches were mainly concerned about elevated temperature (McClanahan 
2000, Edwards et al 2001, Brown 1997, Loya et al 2001). Few studies concentrated 
on the effects of the cold seawater temperature. Photosynthesis of zooxanthellae was 
impaired when the colonies received cold shock (Gates et al. 1992). They found intact 
coral endoderm cells with the zooxanthellae detached when the corals received cold 
stress. Furthermore, low seawater temperature was believed to cause coral bleaching or 
death of corals in the Arabian Gulf (Coles and Fadlallah 1991). During the winter of 
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1988，cold fronts passed through the Gulf and reduced the water temperature, with the 
minimum temperature below 11.5°C. Colonies of Acropora pharaonis and Platygyra 
daedalea experienced severe mortality afterwards. 
In the present study, water temperature is closely related with the damages and the 
recovery of coral colonies. In winter 2002 and 2003, salinity ranged from 32 to 35 0/oo 
with low monthly rainfall which was suitable for the survival of corals. However, the 
water temperature remained around 16 to 20 °C in both winters. Since cold temperature 
exerted stresses on coral colonies, colonies of P. lutea bleached. Although the 
colouration of colonies in the three bleaching groups was visually different, even 
statistically different in survey 2003, the degrees of bleaching did not affect the 
photosynthetic quantum yield of colonies. These results indicated that the 
photosynthetic quantum yield in non-bleached colonies and that in colonies with 
different degrees of bleaching (i.e. NBC, PBC and TBC) was similar. It might be 
because cold water temperature suppressed the photosynthetic quantum yield in the 
photosystem II of the zooxanthellae even if there was no sign of bleaching in the 
colonies. As a result, in the period when the seawater temperature dropped, the 
quantum yield of all groups dropped to the minimum. Increasing trend in quantum 
yield of all groups began when the water temperature increased. Furthermore, the 
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lowest yield was recorded in the day of lowest seawater temperature (i.e. 17.32 °C day 
50 and 16.58 °C day 11 respectively) in both monitoring in 2002 and 2003. Although 
temperature was regulating the photosynthetic quantum yield of coral colonies, the 
yield did not always follow the increasing trend of temperature within a certain 
temperature range. When the temperature reached 20 °C, most of the totally bleached 
colonies had already recovered to become partially bleached and hence the quantum 
yield increased to a range of 0.58 to 0.62. The yield then leveled off even though the 
water temperature continued to increase. The reason for the sudden decrease in the 
photosynthetic quantum yield of P. lutea on day 64 remained unknown. It is unlikely to 
be related to temperature since there was no severe drop of temperature on that day. 
4.4.3 Consequence of coral bleaching: 
Totally bleached Porites lutea was usually pale green to white in colour that was 
associated with a layer of mucus. Their tentacles were also retracted. This layer of 
mucus indicated that the coral colonies were under stress. The presence of bleached 
corals covered by mucus was already recorded in Tung Ping Chau earlier (Choi 2002). 
Weakened colonies were easily invaded by micro and macro algae. In the present study, 
nearly half of the samples were covered with filamentous algae. They formed a dense 
mat that covered the entire coral. As essential light and nutrients was shaded off, 
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photosynthesis was interfered (Choi 2003). Other than micro-algae, macro-algae such 
as Sargassum spp., Hypnea chanoides and Ulva spp. grew nearby coral colonies in 
winter, which served as an additional shade that reduced the sunlight (Choi 2002). 
Thereby, colonies suffered from severe stress. Lack of sufficient nutrients and sunlight 
reduced the reproduction, growth and even regeneration rates of bleached corals 
(Goreau and Macfarlane 1990，Szmant and Gassman 1990’ Meesters and Bak 1993, 
chapter 2 in the present study). Furthermore, bleached corals with turf algae 
experienced higher mortality than colonies without algae (Diaz-Pulido and McCook 
2002). In this study, no colony of P. lutea experienced total mortality. All colonies 
recovered to normal health within 148 days and 121 days in 2002 and 2003 respectively. 
However, some colonies showed partial mortality on the coral surface (Fig. 4.3). The 
regions settled by filamentous algae were severely damaged. After filamentous algae 
detached, patches of dead regions were formed. Although partial mortality did not 
affect the survivorship of the colony, the total amount of growth and reproduction is 
likely to be reduced. 
4.4.4 Adaptive bleaching hypothesis: 
Adaptive bleaching hypothesis was first proposed by Buddemeier and Fautin (1993). 
The hypothesis suggested that corals that survived from previous bleaching event might 
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be repopulated with different genotype of zooxanthellae, which conferred greater 
resistance towards stresses. For P. lutea in Tung Ping Chau, bleaching events were 
recorded in three consecutive years (Choi 2002, Choi 2003, Chapters 4 and 5 in this 
thesis) and by other anecdotal observations even earlier. Porites lutea could be 
bleached every winter and spring. However, bleaching events did not cause severe 
mortality of P. lutea and they were one of the most abundant corals in the community. 
Adaptive bleaching hypothesis could explain the situation of P. lutea in Tung Ping 
Chau. In order to survive the cold winter of Hong Kong, P. lutea releases the less 
resistant zooxanthellae and is then re-populated by some cold resistant strains of these 
algae. As a result, P. lutea survives after the winter. Once after the recovery of coral 
colonies, these algae may become under stress by increased water temperature or its 
own aging and hence the coral colonies expel them. As a result, the colonies will 
experience bleaching in the coming winter and this phenomenon repeats again and 
again. A more detailed research should be conducted to find out if there are more than 
one type of zooxanthellae being hosted by these corals before this hypothesis could be 
validated. 
4.4.5 Scope for corals in Hong Kong: 
Water temperature between 25 °C to 29 °C provides a suitable condition for the growth 
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and survival of corals (Jokiel and Coles 1977, Veron and Minchin 1992). If the 
temperature goes above 30 °C, many dominant species may disappear (Brown et al 
1996). In the past century, the temperature had increased at a rate of 0.07 to 0.5 °C per 
decade (Fitt et al. 2001). More evidences are available to show the warming of 
seawater, especially in the northern hemisphere, to be related to the increase in 
concentration of carbon dioxide and other greenhouse gases in the atmosphere (i.e. 
global warming, Strong et al. 2000). This increase raises an alarm for the reef 
organisms that are living close to their upper thermal limits. Fortunately, no mass 
bleaching has ever been recorded yet in Hong Kong. However, given the increasing 
threat of global warming that causes irreversible effects on reef community, coral 
baseline survey should be conducted every year to record any dramatical changes in 
Hong Kong reef community. 
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Fig. 4.1 The classification of Hydnophora exesa colonies showing different 
degrees of bleaching. A) Non-bleached healthy coral: colony with normal 
brownish green color and extended tentacles. B) Totally bleached colony 
with retracted tentacles that are totally whitened in colour. The approximate 
scale is given for reference. 
Fig. 4.2 Picture showing an example of a totally bleached 
Montipora turgescens colony. The approximate scale is given 
for reference. 
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Fig. 4.3 Pictures showing colonies experiencing recovery from 
bleaching (with healthy tissue and bleached tissue in the same 
colony). The highlighted areas showed the partial mortality area 
formed in the colony after the bleaching event. Partial mortality of 
some colonies was seen after the bleaching event in winter 2002. 
Bleaching caused the whole colony to become pale green in colour. 
The colony started to regain its pigment in spring 2003. The 
approximate scale is given for reference. 
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Fig. 4.4 The mean (士SD) photosynthetic quantum yield of the non-bleached colonies 
of Hydnophora exesa and in colonies recovering from different initial stages of 
bleaching. The study was monitored from September 2001 to November 2001 and 
recovery from bleaching was recorded during this period. Mean water temperature 
over the same period is also shown. 
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Fig. 4.5 The mean (士SD) photosynthetic quantum yield of colonies of Montipora 
turgescens monitored from September 2001 to November 2001 until all colonies 
experienced total mortality. 
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Fig. 4.6 The mean (士SD) photosynthetic quantum yield of non-bleached colonies of 
Porites lutea and those colonies recovering from different initial degrees of bleaching 
monitored from A) January 2002 to June 2002 and B) January 2003 to May 2003. 
Mean water temperature over the same period is also shown. 
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Fig. 4.7 The mean water temperature of Tung Ping Chau from January 1997 to October 
2003 in depth of-1 m C.D. 
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Fig. 4.8 A comparison of the mean (士SD) biweekly underwater temperature in Tung 
Ping Chau in 2001 with the mean (士SD) biweekly underwater temperature from 1997 
to 2003. 
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Fig. 4.9 The monthly total rainfall of Tung Ping Chau from 1997 to 2002 (Data from 
Hong Kong Observatory). The incomplete trend line is due to the lack of data for 
September 1999 and June 2000. 
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Fig 4.10 The comparison of monthly total rainfall of Tung Ping Chau in 1998 and 2001 
with the average monthly total rainfall in the past 50 years in Hong Kong (Data from 
Hong Kong Observatory). 
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Fig. 4.11 The mean (±SD) monthly salinity and total rainfall (Data from Hong Kong 
Observatory) recorded in A Ye Wan, Tung Ping Chau from March 2002 to August 
2003. 
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Table 4.1 The mean (士 SD) photosynthetic quantum yield of non-bleached colonies of 
Hydnophora exesa and those colonies recovering from different initial degrees of 
bleaching in days 0, 26 and 57. In ( ) are the number of colonies examined. 
Degrees of Initial Bleaching Day 0 Day 26 Day 57 
Non bleached colonies 0.58 士 0.04 (5) 0.63 ± 0.04 (5) = ~ 0 . 6 8 士 0.01 (5) 
Partially bleached colonies 0.46 士 0.04 (8) 0.57 士 0.06 ( 8 ) 0 . 6 7 士 0.01 (4) 
Totally bleached colonies 0.27 士 0.06 (3) 0.35 士 0.06 ( 4 ) 0 . 6 5 i 0.03 (3) 
Table 4.2 The results of one way ANOVA on differences in the photosynthetic quantum 
yield of Hydnophora exesa colonies recovering from different initial degrees of 
bleaching: non bleached, partially bleached and totally bleached. Measurements were 
recorded at different days after the initial measurement. Significant P values (P<0.05) 
are given in bold. 
Source df Mean Square F P 
day 0 ~ 2 ~7 .321 E-02 37.451 < 0.001 
day 26 2 9.358 E-02 28.653 < 0.001 
day 57 2 1.005 E-03 Z68 0.122 
Table 4.3 The results of Pearson product-moment correlation on the photosynthetic 
quantum yield of different degrees of bleached Porites lutea with the water temperature 
in different surveys. Significant P values (P<0.05) are given in bold. 
Year Degrees of bleaching r P 
non-bleached colonies 0.799 0.017 
2002 partially bleached colonies 0.774 0.014 
totally bleached colonies 0.775 ~0.014 
non-bleached colonies 0.732 0.001 
2003 partially bleached colonies 0.735 一 0.001 
totally bleached colonies 0.757 0.001 
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Chapter 5 
General health conditions of coral communities in Tung Ping Chau 
5.1 Introduction: 
Coral reefs are one of the most diverse and productive ecosystems in the world. They 
are the main developers of the coastal tropical environments (Richmond 1993). It is 
noted that the general health of the reefs worldwide has declined in the past few 
decades (Brown 1987, Bythell et al. 1993, Porter and Meier 1992). Reviewing some 
great events of reef history, the period of 1982 to 1983 was a remarkable year for the 
ecology of coral reefs. The El Nino Southern Oscillation (ENSO) in this period greatly 
influenced the benthic communities of the coastal habitats (Barber and Chavez 1983). 
More than 50% of corals died after the bleaching events in Java Sea (Brown 1987). 
Bleaching reoccurred on a regular basis within the last two decades (Brown 1997). In 
1998，El Nino effects returned. This unprecedented bleaching event caused significant 
mortality of the reefs in the world (Loya et al 2001, McClanahan 2000). 
Other than the cyclical worldwide events, some regional incidents also cause 
significant changes in the reefs. One of the best known destructions of the reefs is the 
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outbreak of crown of thorns starfish, Acanthaster planci (Seymour and Bradbury 1999). 
A series of outbreaks affected the health of the coral reefs, especially those in the Great 
Barrier Reef from 1960s to 1990s without any signs of stop (Engelhardt and Lassig 
1996, Seymour and Bradbury 1999). Corallivorous gastropods such as Drupella spp. in 
the Indo-Pacific and Coralliophila abbreviata in the Caribbean also cause significant 
impact to reef communities (Miller 2001). Furthermore, outbreak of Drupella spp., 
particularly in Western Australia and Japan, caused a large scale disturbance to coral 
reefs in these areas as well (Turner 1994). 
Hurricanes or typhoons are one of the major destroyers of the reefs. The strong waves 
cause fragmentation and toppling of coral colonies. Although the destruction is intense, 
the damages are localized. The most powerful storm over the last 50 years to hit 
Florida, Hurricane Andrew, caused the reef flat and rubble zone of Elkhorn Reef to 
suffer severe and significant damage (Lirman and Fong 1996, 1997, Blair et al 1994). 
More than 50% of Acropora palmata colonies were fragmented in the zone. 
Other than natural disturbances, human impacts also reduce the health of coral colonies 
significantly. Eutrophication causes a population boom of macroalgae, which 
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suppresses the skeletal growth of corals. As a result, the reefs are eventually dominated 
by algae (Chazottes et al 2002，Lewis 1997). Reef may be degraded by means of poor 
planning of tourism such as diving, snorkeling and reef walking (Zakai and 
Chadwick-Furman 2002, Tratalos and Austin 2001). In northern Red Sea, partial 
mortality of coral colonies, competition with algae and coral breakage were serious 
under the influence of intensive SCUBA diving (Riegl and Velimirov 1991). Other 
disturbances like sedimentation caused by finning and anchorage damage on the 
surfaces of the colonies also inflict significant harm to the coral communities (Walters 
and Samways 2001, Tratalos and Austin 2001). 
Changes in coral coverage and number of colonies are often used as an indicator of the 
importance of reef communities. This is to assume that the indication of health of a reef 
can always be reflected by the coral coverage or the coral density (Thomason and 
Roberts 1992). Recently, there are increasing concerns about different ways to evaluate 
coral health in terms of aspects such as partial mortality, degree of bleaching and 
competition with algae (Ginsburg et al 2001, Brown 1997，Tanner 1995). In this thesis 
research, the recovery of corals suffering from different kinds of artificial and natural 
injuries has been monitored. Results showed that small injuries on coral colonies could 
soon recover. As there are only few studies on the conditions of coral colonies in Tung 
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Ping Chau, a general survey was conducted to assess the health conditions of coral 
colonies in here. In this study, the term 'coral health' is used. Coral health is a relative 
term describing the conditions of coral colonies in terms of the percentage of injuries on 
the coral surface, the extent of partial mortality, mucus coverage, algae coverage or 
degrees of bleaching...etc. A perfectly healthy colony has no such injuries on its 
surface. There is no perfect reef at all, however, monitoring of the relative health of 
coral colonies can provide a general picture on the fitness of the reef. 
5.2 Methods and materials: 
5.2.1 Study site: 
The general surveys were conducted in Tung Ping Chau. The surveys were monitored 
in both A Ye Wan (AYW) and A Ma Wan (AMW). The coral coverage in A Ma Wan is 
higher than that in A Ye Wan. However, isolated coral heads may be found at a depth of 
-8m CD in A Ye Wan but not in A Ma Wan. In winter, A Ye Wan suffers more from 
waves generated from the north-east monsoons. A village is also close by in A Ye Wan, 
so that human disturbance is higher in A Ye Wan than in A Ma Wan. This survey was 
conducted in both sites since the degrees of disturbance in both communities may be 
different. 
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5.2.2 Species chosen: 
Platygyra acuta, Porites lutea and Pavona decussata were monitored in the present 
general surveys. These species were also monitored at least once in the recovery 
experiments (Chapters 2 — 4). P. acuta is the most dominant coral in Tung Ping Chau. 
It was also studied in the toppling experiment (Chapter 3). Similarly, Porites lutea is 
one of the most abundant corals in both study sites and was extensively monitored in 
other studies (i.e. artificial lesion, toppling experiment and bleaching monitoring, 
Chapters 2 -4 ) . In contrast to P. acuta and P. lutea, Pavona decussata is a foliaceous 
coral. The effect of disturbances on corals with different morphologies may not be the 
same. Hence the health of foliaceous corals may not be similar to that of massive types 
under similar environmental conditions. Additionally, P. decussata was also monitored 
in previous studies (artificial lesion experiment, Chapter 2). 
5.2.3 Belt transect and quadrat methods: 
General surveys were conducted at both -1 m C.D. and -3 m C.D. in A Ye Wan, over 
four seasons (spring to winter 2002), and in A Ma Wan for two seasons only (spring to 
summer 2002). Within each survey, three 30m transects were placed haphazardly 
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parallel to the shore in the respective depths. Any of the three species of corals found 
within a 1 m belt of the transect line were selected. A 25 cm x 25 cm quadrat was then 
placed on the side of the colony facing the transect line or over the whole colony if the 
colony was small enough. The quadrat was divided into 25 grids. The coral surface 
within each grid was examined for the presence of different types of injuries. The 
health of a colony was then defined in terms of the number of grids with different types 
of injuries. The proportion of a particular type of injury was calculated as the number 
of grids recorded with that type of injury divided by the total number of the grids 
covering the colony. The intensity of injuries was further classified as minor if the 
proportion was less than 33.3% (+ in the charts), intermediate if within 33.3% to 66.6% 
(++ in the charts) and severe if higher than 66.6% (+++ in the charts). The types of 
injuries assessed included partial mortality (Fig. 5.1), mucus coverage (Fig. 5.2), slight 
bleaching, intensive bleaching, algae coverage; presence of bivalves (as borers or 
attached forms), gastropods, scraping injuries and predation scars (Fig. 5.3). The 
number of colonies covered with cloth, fishing net or plastic bags (Fig. 5.4) or was 
toppled, was also counted (Fig 5.5). Coral colonies were most healthy if there were no 
injuries on the entire colony surface. 
5.2.4. Definitions of injury types: 
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Different types of injuries were identified on the coral surface in this survey. The 
injuries were defined as follow: 
1. Partial mortality: Coral surface showing region that is without living tissue. 
Filamentous algae or bivalves sometimes recruited on it. 
2. Slight bleaching: Coral surface showing light brown in colour, with polyps 
retracted. 
3. Intensive bleaching: Coral surface pale green to white in colour with polyps 
retracted. 
4. Algae coverage: Coral surface or dead regions being covered with a layer of 
filamentous algae or macro-algae. 
5. Mucus coverage: Coral surface covered with a mucus layer. Technically it is not an 
injury, but it serves as an indication of coral that is under stress. Hence, the number 
of grid with mucus coverage was also recorded. 
6. Coral toppled: A coral colony may be turned upside down or may lay on its side 
with living tissue trapped under the sand. This type of injury was not counted by 
quadrat. It was recorded as an incident if a colony was found toppled. 
7. Covered by bags: Coral colonies were sometimes trapped by rubbish like cloth, 
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fishing net or plastic bags. The coral colony will suffer from scratches or will be 
damaged if the bags are not removed. This type of injury was not counted by 
quadrat. It was counted as an incident if a colony was found covered by bags or 
other rubbish. 
8. Scraping injuries: These are straight and narrow scars found on the coral surface. 
Both tissue and thin layer of skeleton were lost. If several scraping injuries were 
found inside a single grid, the number of injuries would still be counted as one 
irrespective of the number of injuries inside that grid. 
9. Predation scars: Predation scars in Platygyra acuta represent injuries caused by 
gastropod predation. The scars were usually circular in shape and only the top 
tissue layer had been removed. Predation scars in Porites lutea represent injuries 
produced from fish bites. Bite marks were in the form of a pair of small, parallel 
lesions. For this type of scar, both tissue and a thin layer of the skeleton had been 
removed. When evaluating the intensity of this type of injury, the number of grids 
with predation scars would be counted irrespective of the number of predation scars 
found inside each grid. 
10. Gastropods: Gastropods recorded were mainly Drupella and Cronia spp., The 
number of grids with gastropods was counted without considering the number of 
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gastropods inside each grid. 
11. Bivalves: Bivalves that recruited on the dead regions of the coral surface were 
recorded. However, the number of grids with bivalves was counted without 
considering their number inside each grid. This category of injury was not included 
in spring 2002 survey. 
5.2.5 Statistical analysis: 
Kruskal-Wallis test was used to identify significant differences in the health conditions 
of the three dominant coral species between seasons and sites. Only the percentage of 
no injuries, partial mortality (combining all levels of intensities), bleaching (combining 
all levels of intensities of slight and intensive bleaching) and seaweed coverage 
(combining all levels of intensities) were tested statistically. 
5.3 Results: 
5.3.1 General surveys of the corals: 
Types of injuries defined or recorded in this study were those that were firstly, life -
threatening, e.g. bleaching; secondly, physiological responses of coral, e.g. mucus 
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production; or thirdly, those that could easily be recognized, e.g. surface lesion. Partial 
mortality, bleaching (combining slight and intensive bleaching) and seaweed coverage 
with no injuries were recorded and analyzed statistically. These injuries were analyzed 
because they were either permanent features on the coral surface or were regulated by 
the seasonal differences of temperature. 
5.3.2 Injuries on Platygyra acuta: 
Colonies oi Platygyra acuta in Tung Ping Chau were generally in good health. Except 
those in AMW under —3 m C.D. (35.7% of colonies in good health), 40% to 60% of P. 
acuta had no injuries (Fig. 5.6 - Fig. 5.9). Around half of the samples in the surveys 
showed no injuries, indicating that P. acuta enjoyed a healthy status in Tung Ping Chau. 
Partial mortality was the major injury for P. acuta in Tung Ping Chau with 28.3% to 
50% of the corals showing partial mortality (Fig. 5.6 - Fig. 5.9). These were however, 
mostly only minor injuries (i.e. categorized in + group). Only 10% of P. acuta showed 
intermediate (++) to severe (+++) partial mortality on the surfaces. Toppled colonies of 
尸 acuta were also frequently found in Tung Ping Chau. They were recorded in seven 
out of 12 surveys. The highest percentage (21%) of corals found toppled was recorded 
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in AMW under - 3 m C.D in spring 2002 (Fig. 5.9A). Furthermore, up to 25.4% of 
colonies of P. acuta were also found to be colonized by bivalves in surveys from 
summer to winter (Fig. 5.6 - Fig. 5.9). In winter survey, in AYW under -3 m C.D., 1.4% 
of the colonies showed high recruitment (+++) of bivalves (Fig. 5.7D). 
Other than the major injuries, some minor problems such as predation, algal cover and 
presence of gastropods were also found in P. acuta. Predation scars were only recorded 
in less than 1.5% of the colonies in AYW under -3 m C.D. in autumn and in AMW 
under —1 m C.D. in summer surveys (Fig. 5.7C and Fig. 5.8B). Other than predation 
scars, gastropods were also found on coral colonies. Less than 4.8% of the colonies in 
AYW in winter at —1 m C.D” in summer at -3 m C.D. and finally in AMW in spring and 
summer at 一 1 m C.D” were invaded by gastropods (Fig. 5.6D, 5.7B, 5.8A, B). Algae 
were also found to be recruited on less than 6.1% of the colonies of P. acuta in winter 
and spring surveys. 
5.3.3 Injuries on Porites lutea: 
Porites lutea in Tung Ping Chau suffered from injuries all the times. Only less than 
30% of the colonies showed no injuries in all the surveys with the highest percentage 
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(29.9%) recorded in AYW under -1 m C.D. in summer (Fig. 5.6D) and the lowest 
percentage (2.7%) recorded in AYW under —lm C.D. in winter (Fig. 5.6D). The major 
problems associated with P. lutea were partial mortality, mucus coverage, intensive 
bleaching and algae coverage. 
Except in winter, partial mortality was the most frequent injuries observed on P. lutea. 
The percentage of minor partial mortality ranged from 27.7% (Fig. 5.6B, AYW under 
-1 m C.D. in summer) to 52.5% (Fig. 5.9A, AMW under -3 m C.D. in spring). Many P. 
lutea colonies were observed to exhibit intermediate to severe levels of partial mortality 
in most of the surveys except AMW under-1 m C.D. in summer, AYW under -3 m C.D. 
in autumn and AYW under -1 m C.D. in winter. The percentage of colonies suffering 
from intermediate partial mortality ranged from 8.60% (Fig. 5.7D，AYW under -3 m 
C.D. in winter) to 27.7% (Fig. 5.8A, AMW under -1 m C.D. in spring) while that of 
severe partial mortality ranged from 0.98% (Fig. 5.6C AYW under-1 m C.D. in autumn) 
to 15.8% (Fig. 5.6B AYW under -1 m C.D. in summer). 
Bleaching was observed on P. lutea throughout the year and was the most dominant 
type of injury recorded especially in winter. All levels of intensities (+，++，+++) of 
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slight bleaching were commonly found in the surveys. The highest percentage of slight 
bleaching of different intensities ((+), (++) and (+++)) were 10.1%, 14.7% (Fig. 5.7A, 
both in AMW under-1 m C.D. in spring) and 22.2 % (Fig. 5.6A, AYW under-1 m C.D. 
in spring). Colonies of P. lutea also experienced intensive bleaching in most of the 
surveys. This was particularly so in winter surveys when severe (+++) intensive 
bleaching was the most serious problem for this species. The percentages of bleached 
coral colonies were 46.1% and 42.6% in AYW under-1 m C.D. and -3 m C.D. in winter 
respectively (Fig. 5.6D and Fig. 5.7D). 
In winter, when colonies of P. lutea experienced intensive bleaching, algae recruited on 
the dead regions or on the colony surface. These colonies experienced severe 
colonization by algae, 28.6% in AYW under —1 m C.D. and 31.0% under —3 m C.D. 
(Fig. 5.9). Recruitment of algae was also occasionally found in the spring and summer 
surveys but with low percentage (Fig. 5.1 A and Fig. 5.6B). Mucus coverage also 
occurred on the colonies with other problems such as bleaching. Minor mucus cover (+) 
was generally observed in Porites colonies but the percentage was generally low, 
ranging from 1.9% (Fig. 5.6D, AYW under -1 m C.D. in winter) to 19.3% (Fig. 5.7A, 
AYW under -3 m C.D. in spring). 
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Predation scars by parrotfishes were first noticed in the summer and were recorded in 
both summer and autumn. However, this was only a minor injury in P. lutea. The 
percentage of colonies with minor (+) predation scars ranged from 1.1% (Fig. 5.6B, 
AYW under -1 m C.D. in summer) to 5.7% (Fig. 5.8B, AMW under -1 m C.D. in 
summer). More intensive (++) predation scars was observed in 1.0% of the colonies in 
AYW under -3 m C.D. in autumn (Fig. 5.7C). 
Bivalves also recruited on P. lutea. Recruitment of bivalves was a permanent feature on 
the colonies such that even after the bivalves have died, the empty shell would still be 
attached on the colony surface. However, the percentage of P. lutea colonies with 
bivalves was usually lower than that for both Platygyra acuta and Pavona decussata. 
Colonies with minor recruitment of bivalves (+) ranged from 11.1% (Fig. 5.6B，AYW 
under -1 m C.D. in summer) to 28.9% (Fig. 5.7B, AYW under -3 m C.D. in summer). 
For intermediate intensity (++) of bivalves recruitment, the range was from 1.5% (Fig. 
5.6C, AYW under -1 m C.D. in autumn) to 4.1% (Fig. 5.7C, AYW under -3 m C.D. in 
autumn). 
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5.3.4 Injuries on Pavona decussata: 
Colonies of P. decussata were in fairly good health throughout the year. More than 
40% of the colonies showed no injuries in all seven surveys. The percentage of coral 
colonies with no injuries ranged from 20.9% in AYW under-1 m C.D. in autumn (Fig. 
5.6C) to 63.1% in AYW under -3 m C.D. in spring (Fig. 5.7A). 
Partial mortality and colonization by bivalves were the two major problems for this 
species. The percentage of colonies showing minor (+) partial mortality varied 
between 6.3% in AYW under -3 m C.D. in spring (Fig. 5.7A) to 56.7% in AYW under 
-1 m C.D. in autumn (Fig. 5.6C). The highest percentage (15%) of intermediate (++) 
level of partial mortality was recorded in the colonies of P. decussata in AYW under-1 
m C.D. in autumn (Fig. 5.6C). Bivalves recruitment was the most serious problem for P. 
decussata. Except for survey in AYW under -1 m C.D. in summer, all other surveys 
recorded settlement of bivalves on P. decussata (Fig. 5.6B). The percentage of minor 
intensity (+) of bivalve recruitment ranged from 30.2% in AYW under -1 m C.D. in 
winter (Fig. 5.6D) to 58.3% in AYW under -1 m C.D. in autumn (Fig. 5.6C). 
Intermediate intensity of bivalve recruitment was recorded in some of the surveys with 
the highest percentage (14.9%，Fig. 5.7B) being recorded in AYW under -3 m C.D. in 
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summer. Severe intensity of bivalve recruitment was also recorded in the same survey 
in 3.8% of the colonies. 
5.3.5 Statistical analysis: 
In this survey, monitoring was conducted in both AYW and AMW under -1 m C.D., -3 
m C.D. in spring and summer 2002, with additional ones in fall and winter in AYW. In 
most cases, there were no significant differences in the percentage of colonies with 
different types of injuries in different sites for all species (Table 5.1). This indicated 
that the levels of injuries in these species did not vary between sites. There was 
significant seasonal effect on the percentage of colonies experiencing some types of 
injuries (Table 5.2). In Porites lutea, there was no difference in the percentage of 
colonies that experienced partial mortality among different seasons. For colonies under 
-1 m C.D.，however, significant differences in the percentage of colonies with no 
injuries were detected between different seasons. Generally, the percentage of P. lutea 
colonies showing bleaching and algae coverage in winter was significantly higher than 
that in other seasons. For Platygyra acuta colonies, there was significant difference 
only in the percentage of colonies that experienced algae coverage between different 
seasons in colonies found under -1 m C.D. (Table 5.2) 
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Different species suffered from different types of injuries. In all surveys in AYW 
under 一3 m C.D.，there were significant differences between different species in the 
percentage of colonies with no injuries (Table 5.3). The percentage of P. lutea colonies 
with no injuries was the lowest among all species. In most cases, there were significant 
differences among different species in the percentage of bleaching colonies (Table 5.3)， 
with the percentage of bleaching P. lutea being the highest among all species. There 
were no significant differences among different species in the percentage of colonies 
that suffered from partial mortality and algal coverage in most of the surveys (Table 
5.3). 
5.4 Discussion: 
5.4.1 Seasonal differences and the health of specific coral in Tung Ping Chau: 
Hong Kong is located in the sub-tropical region and water temperature varies 
considerably throughout the year. It can be about 30°C in summer while as low as 14 °C 
in winter, which is quite low for most of the coral colonies. Hence, coral colonies in 
Hong Kong can only form communities but not reefs. 
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Temperature is one of the most critical environmental factors that determine the health 
of corals (Brown et al 1996, Brown 1997). Cyclical variation of water temperature 
causes seasonal injuries on corals. The most severe seasonal injury on corals in Tung 
Ping Chau is bleaching. Bleaching caused by abnormally high or cold temperature is 
already well known (Fitt et al. 2001, Jones et al 1999). In Tung Ping Chau, seasonal 
bleaching of corals was already noticed in the past years (Choi 2002, Choi 2003). 
Seasonal bleaching in Porites lutea was also recorded in this study (Chapter 4). P. lutea 
usually experienced slight bleaching in summer and intensive bleaching in winter. This 
indicated that cold temperatures magnify the bleaching problem in this species. Choi 
(2002) found that only Porites lutea (identified as P. lobata) was bleached in both 
summer and winter. She suggested that P. lutea was most sensitive to environmental 
changes and suffered from bleaching. Thereby, the percentage of P. lutea colonies that 
experience bleaching is significantly higher than that of Platygyra acuta and Pavona 
decussata. 
Lesion will be formed if tissue does not recover from bleaching. These injuries can 
recover if the lesion size is not too large. However, a permanent mark as partial 
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mortality may be formed if the lesion does not recover (Chapter 4, Fig. 4.3). Seasonal 
occurrence of bleaching increased the occurrence of partial mortality in P. lutea. The 
percentage of colonies that experienced partial mortality in Porites lutea is generally 
high. Bleaching not only creates partial mortality on the coral surface, it also reduces 
growth rate, reproductive potential and regeneration ability of corals (Szmant and 
Gassman 1990，Meesters and Bak 1993, Harvell et al. 1999). Thereby, the general 
health of the colonies is affected. A weakened coral with dead regions on the surface 
can easily be invaded by algae. Choi (2003) found that algae settled on the colonies in 
winter and this intensity peaked in spring. She proposed that the occurrence of algae 
was greatly related with low water temperature. This supported the finding of this 
study that intensive bleaching and algae recruitment usually occur in winter (i.e. low 
water temperature). Recruitment of algae further decreases the regeneration ability of 
corals from bleaching. Nonetheless, bleached P. lutea seldom experienced total 
mortality. As a result, P. lutea was still the top five dominant coral species in Tung Ping 
Chau (Choi 2002). 
The percentage of P. acuta and P. decussata colonies experiencing different types of 
injuries is seldom significantly different among different seasons. It is because both P. 
acuta and P. decussata seldom bleached in winter. Furthermore, the injuries they 
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experienced (e.g. partial mortality, bivalve recruitment...etc) did not vary among 
seasons. Thereby, the types of injuries they experienced are similar throughout a year. 
Tung Ping Chau is an island with an area of 1.1 km2. Although the distances from the 
villages to the reefs in AYW and AMW are different, there is no particular difference in 
the percentage of colonies that experienced human induced injuries. This may be 
because this island is so small that the coral colonies in both bays experienced similar 
physical or chemical factors. In order to assess the similarity of these two bays, studies 
on their physical and chemical environment should be conducted. 
5.4.2 Partial mortality: 
Since most corals are modular organisms, the colonies can survive even if parts of the 
living tissue have died (Hughes and Jackson 1980). There are increased concerns on 
how partial mortality could affect coral colonies. Partial mortality reduces the total 
coral surface area for photosynthesis, heterotrophic consumption, reproduction and 
even growth, which influence the health of coral colonies considerably. Partial 
mortality is also proved to be the major contributor to the tissue loss of coral colonies 
(Hughes and Jackson 1985). Furthermore, through partial mortality, coral colonies are 
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separated and isolated physically and even genetically (Hughes and Jackson 1985). As 
a result, severe partial mortality might result in a complete community transformation. 
Partial mortality is related to the physical parameters of the coral colonies. The 
occurrence of partial mortality in different parts on the coral surface is different. 
Meesters et al (1996) classified partial mortality into two groups. Type I lesion is 
surrounded by living tissue totally. Type II lesion is partially surrounded by living 
tissue since it is located on the edge of the colony. Type II lesion is generally larger in 
size than type I lesion. It is more commonly found in massive corals but not in 
branching corals. The authors suggested that the higher the circumference with surface 
area ratio of a coral colony, the greater the chances the colony would experience partial 
mortality that is located on the edge of the colony. Size but not age of the colonies was 
also correlated with the proportion of partial mortality (Ginsburg et al 2001). Their 
findings showed that corals larger or smaller than 1 m in diameter contained 1/3 to 2/3 
or smaller than 1/3 of dead surface area respectively. 
In the present study, the percentage of colonies in most surveys that experienced partial 
morality is not significantly different among the three species. Although seasonal 
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bleaching in P. lutea has probably increased the percentage of its colonies having 
partial mortality, P. acuta and P. decussata also experience partial mortality by 
gastropod predation or from being covered or entangled by abandoned bag or other 
debris. More studies on what causes partial mortality should be conducted in order to 
provide a better understanding of the causes of partial mortality in Hong Kong corals. 
5.4.3 Recruitment of bivalves: 
Some bivalves are internal bioeroders in the Indo-Pacific regions (Reaka-Kudla et al 
1996). Bivalves being monitored in this study are not borers, but rather, they settle on 
the colony surface. The number of bivalves on Pavona decussata is very high, but 
these bivalves are fairly common on Porites lutea and Platygyra acuta as well. 
Morphologies of corals might contribute to this difference. Both P. lutea and P. acuta 
are massive coral with a rather smooth outer shape. However, P. decussata is 
foliaceous, the colony is formed by vertical plates. The hollows between every plate 
provide shelters for the recruitment of bivalves. Thereby, there are more bivalves on P. 
decussata than on the other coral species. Bivalves usually recruit on the dead regions 
of the colony. This recruitment can be a permanent feature associated with the corals 
since some empty shells remain on the colony surfaces even after the bivalves have 
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died. Therefore, the re-invasion of coral living tissue into the dead regions will be 
restricted by the presence of the empty shell. Ultimately, the coral fitness will be 
reduced. 
5.4.4 Physical damage on the coral surface: 
Water sports activities such as diving, snorkeling or reef walking can inflict direct 
damages on the reef, though the intensity was rather low (Walters and Sam ways 2001， 
Tratalos and Austin 2001). However, if diving intensity in a reef is higher than what the 
reef can support, the coral community will degrade eventually. To evaluate the 
sustainability of the reef, an assessment of diver carrying capacity of the reef was 
proposed by Jameson et al (1999). The capacity was evaluated by measuring the 
maximum number of divers per site per year supported by the reef without degradation. 
A degrading community could be defined in terms of the decreasing number of living 
coral colonies or the increasing number of damages on corals (Hawkins and Roberts 
1999，Schleyer and Tomalin 2000). This index also depends on a few factors such as 
the presence of vulnerable species, the environmental awareness of the divers and other 
human impacts in the reef (Schleyer and Tomalin 2000, Rouphael and Inglis 1997, 
Hawkins and Roberts 1997). 
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Scraping injuries have been observed on coral surfaces in Tung Ping Chau during the 
course of this study. Their causes were uncertain since there was no direct observation 
on how the lesions were inflicted. They might be caused by natural or human impacts. 
However, the long and narrow outline of the lesion tends to be produced by human 
activities. These might be scratches from anchors of boats or fins of divers. Ever since 
Tung Ping Chau was designated as the 4th Marine Park of Hong Kong in 2001，all 
anchorage activities were regulated. Thereby, finning damages became the most likely 
human impacts to produce this type of lesion. Tung Ping Chau is a hot spot for diving 
due to its high coral coverage. There was no limitation on the number of divers that can 
dive in the area each year. Owing to the fact that most coral colonies exist in the 
shallow regions (< -3 m C.D.), inexperienced divers can easily get into the site. They 
may damage the colonies and ultimately reduce the colonies fitness. Thereby, a 
comprehensive research should be conducted in diving hot spots around Hong Kong in 
order to find out the damages that divers exerted and the diver carrying capacity of the 
reef communities. 
Predation scars by fish were the other physical damage observed on coral colonies. 
2 4 4 
C h a p t e r 5 G e n e r a l S u r v e y 
Fish predation on Porites lutea was first documented in Tung Ping Chau in recent years 
(Fig. 5.3). The pairs of small lesion were similar to those described by Bruckner et al 
(2000). The authors suggested that the paired bite marks were produced by the upper 
and the lower jaws of the parrotfish. Although injury is inflicted by fish, this type of 
scars is usually not being regarded as permanently damaging to coral colonies. It is 
because fish bite marks are results of a natural process in an ecosystem and corals can 
usually recover from such small lesions. Before Tung Ping Chau was designated as a 
marine park, fishing was allowed everywhere using any methods. Parrotfish is a 
commercial fish that is usually caught by the fishermen. After the area was protected, 
there was an increase in the number of blue-barred parrotfish, Scarus ghobban, in the 
reef (personal observations). Designation of Tung Ping Chau as a marine park has 
positive effects on the ecosystem by increasing the number and diversity of fish in the 
coral communities. However, the ultimate effect of the increase in the number of coral 
eating fish, like parrotfish or butterfly fish, on the corals themselves remain to be 
assessed. A long term monitoring programme should be put in place in Tung Ping Chau 
to evaluate the effect of marine park designation on its coral communities. 
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Fig. 5.1 (a) Colony of Porites lutea showing partial mortality on its surface, (b) A 
close up picture of a patch with partial mortality. An approximate scale is given for 
reference. 
Fig. 5.2 (A) Colony of Porites lutea covered by mucus. (B) A close up picture of the 
mucus layer. An approximate scale is given for reference. 
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mgm 
Fig. 5.3 Fish predation scars on Porites lutea. The pairs of small lesion are the bite 
marks of parrotflshes. Fish bite marks on P. lutea were recorded in the surveys in 
summer and autumn. An approximate scale is given for reference. 
mm 
Fig. 5.4 A colony of Pavona decussata being covered by an abandoned linen bag. 
Light cannot penetrate through the bag so the covered region of the colony will 
eventually experience mortality. An approximate scale is given for reference. 
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Fig. 5.5 A colony of (A) Platygyra acuta and (B) Porites lutea found toppled. The 
tissue submerged under the sand will suffer from bleaching and will eventually 
experience mortality. An approximate scale is given for reference. 
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Table 5.1 The results of Kruskal-Wallis test on differences in the percentage of colonies 
of each species suffering from different types of injuries in different sites in each season. 
Significant P values (P<0.05) are given in bold. N 二 12 in spring and summer surveys 
while N = 6 in autumn and winter surveys. 
A. Platygyra acuta B. Porites lutea 
Types of injuries Seasons P-value Types of injuries Seasons P-value 
Spring 0.056 Spring 0.187 
� T . • . S u m m e r 0 . 3 0 1 XT . . . Summer 0.193 
No injuries — 八… No injuries —— 
J Autumn 0.658 Autumn 0.275 
~Winter 0.275 Winter 0.127 
Spring 0.093 Spring 0.173 
. t S u m m e r 0 . 3 5 8 � . � “ r + Summer 0.647 Partial mortality — n Partial mortality —— n � 
Autumn 0.825 Autumn 0.513 
Winter 0.513 Winter 0.513 
Spring 1 Spring 0.069 
, , • Summer 1 Summer 0.053 
Bleaching — Bleaching —— n � 
& Autumn 1 Autumn 0.513 
Winter 1 Winter 0.127 
Spring 0.343 Spring 0.392 Summer 1 A, Summer 0.506 Algae coverage 2 Algae coverage 场 贈 t Winter 0.507 Winter 0.05 
C. Pavona decussata 
Types of injuries Seasons P-value 
Spring 0.271 
. . . Summer 0.727 
N ° m j U n e S Autumn 0.083 
Winter —0.658 
Spring —0.197 
. t Summer 0.198 




, , . Summer 0.031 
Bleaching — ： 
Autumn 1 
Winter — 1 
Spring 1 
t Summer 1 Algae coverage — 
Autumn 1 Winter —0.046 
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Table 5.2 The results ofKruskal-Wallis test on differences in the percentage of colonies 
of each species with different types of injuries over different seasons in AYW. 
Significant P values (P<0.05) are given in bold. N = 12. 
A. Platygyra acuta 
Types of injuries Depth P-vaiue 
XT . . . -lmC.D. 0.204 
N 0 m j U n e S -3 m CD. " 0 4 4 5 " 
~ ~ ~ 7 ^ “ -1 m C . D . 0 . 5 7 8 Partial mortality , 3 m c p 
“ -1 m C.D. r 
Bleaching wrz , 
-3 m C.D. 1 
“ -1 m C.D. 0.013 Algae coverage ；3 m c p Q 5 3 
B. Porites lutea 
Types of injuries Depth P-value 
. . . -1 m C.D. 0.033 
No injuries — n … 
-3 m C.D. 0.161 
~ ~ ~ ~ “ “ -1 mC.D. 0.863 Partial mortality , 3 m c p ^ ^ 
~ ~ “ -1 m C.D. 0.018 Bleachmg , 3 m C D . 
~~~“ -1 m C.D. 0.025 Algae coverage — A ft<Tg -3 m C.D. 0.025 
C. Pavona decussata 
Types of injuries Depth P-value 
. . . -1 m C.D. 0.421 
No injuries — ^ z z A 1C1 
-3 m C.D. 0.151 
“ ~ “ -1 m C.D. 0.187 Partial mortality , 3 m c p — 
“ -1 m C.D. r Bleaching tt^z 1 -3 m C.D. 1 
； -1 m C.D. 0.054 algae coverage , 3 m c p 0 < 5 0 6 
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Table 5.3 The results of Kruskal-Wallis test on differences in the percentage of colonies 
with different types of injuries among different species in each site and each season. 
Significant P values (P<0.05) are given in bold. N = 9 in the surveys. 
A XT . . . B. Partial 
A. No injuries mortality 
Sites Seasons P-value Sites Seasons P-value 
Spring 0.077 Spring 0.236 
, ^ ^ Summer 0.424 川,,^^ Summer 0.069 
AYW-lm C.D. — — A Y W - 1 m C.D. —— n 
Autumn 0.116 Autumn 0.096 
Winter 0.051 Winter 0.393 
Spring 0.044 Spring 0.06 
� ^ ^ Summer 0.042 Q n ^ Summer 0.074 
AYW -3 m C.D. — — — ： A Y W -3 m C.D. — W T ^ T 
Autumn 0.039 Autumn 0.061 
Winter 0.027 Winter 0.027 
~~~ Spring 0.044 , ^ ^ Spring 0.044 
AMW - 1 m C.D. ^ F 5 — t t 7 A M W -1 m C.D.— 
Summer 0.156 Summer 0.276 Spring 0 0 6 A A / r w . n ^ Spring 0.096 AMW -3 m C.D. 0 F 5 — 7 7 7 A M W -3 m C.D.— Summer 0.156 Summer 0.156 D. Algae 
C. Bleaching coverage 
Sites Seasons P-value Sites Seasons P-value 
— S p r i n g “ 0.038 Spring 1 
Summer 0.435 , 叩 Summer 0.435 
AYW -lm C D AYW - 1 m C.D. 
A Y W 丄 1 1 1 � ^ Autumn 0.038 Autumn 1 
Winter 0.022 Winter 0.435 
Spring— 0.038 Spring 0.667 
^ _ Summer 0.022 . ^ ^ Summer 1 
AYW - 3 m C.D. —— 7 - 7 ^ A Y W -3 m C.D. —— : 
Autumn 0.105 Autumn 1 Winter 0.022 Winter 0.052 ~ T S p r i n g 0 . 0 3 2 ~ AA/rAir , … S p r i n g 0.105 
A M W - 1 m C.D. J ^ 7 - t t - , A M W - 1 m C.D. : 
Summer 0.054 Summer 1 “ Spring 0.149 A A > r T T 7 ， … S p r i n g 1 
AMW-3 m C.D. c P ^ AMW-3 m C.D. g F & : Summer 0.095 Summer 1 
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Chapter 6 
Summary and Perspectives 
The coral reef is a calcareous framework supporting the biodiversity of tropical seas. 
Degradation of coral colonies results in the collapse of the whole ecosystem. 
Regeneration of damaged colonies is one of the pathways to restore the ecosystem. 
There were increasing concerns on coral health and the regeneration ability of corals 
over the past decades. Until recently, however, this had not been given much attention 
in Hong Kong. This project is the first study on the regeneration ability of coral 
colonies and monitoring of their health status in Hong Kong. It focuses in more details 
on the colony recovery over artificial and natural injuries. Artificial lesions examined 
included tissue injury, scraping injury, branch breakage and toppling, and natural 
injuries included lesions due to bleaching. 
6.1 The regeneration of artificial injuries on scleractinian corals: 
Six sets of artificial lesion experiment were conducted in Tung Ping Chau from summer 
2001 to autumn 2002. This experiment aimed at monitoring the regeneration ability of 
corals towards physical damages. The regenerative ability of corals differed, 
depending on the injury, the species and the season when the injury was inflicted. 
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Regeneration rate of coral colonies over time can generally be represented by a sigmoid 
curve, with the rate being exponentially increasing at the beginning and gradually 
decreasing until reaching an asymptote. All colonies examined in the experiments 
recovered after certain period of time. The size of the injured colonies was not a factor 
affecting the regeneration ability of these colonies. This is explained by localized 
regeneration hypothesis proposed by Meesters et al (1994). This hypothesis suggests 
that the regeneration of the coral tissue against lesion is only fueled by the peripheral 
healthy tissue. As a result, lesion perimeter to area ratio is the most critical factor that 
determines the recovery rate of the lesion. 
The response of corals towards tissue injury (extensive loss of tissue) and scraping 
injury (superficial loss of tissue and skeleton) was examined in each colony. Colonies 
that suffered from tissue injuries usually required more time to recover than those that 
suffered from scraping injuries. As extensive tissue layer would be lost in tissue injury, 
there is insufficient production of mucus, which served as a protective layer over the 
lesion. This exposed injury could then be colonized by filamentous algae or settled by 
sediments. As extra energy from the colonies would be needed to remove them, the 
regeneration ability of corals towards tissue injury was greatly reduced. 
2 6 5 
C h a p t e r 6 S u m m a r y 
Based on differences in their regeneration ability, the sequence of recovery among the 
coral species examined followed the order of: Acropora digitifera > Leptastrea 
pruinosa > Pavona decussata > Porites lutea. Morphological differences of marine 
sessile organisms were proposed by Jackson (1979) to be the reason behind the species 
specific differences in their regenerative ability. He suggested that the commitments of 
marine sessile organisms to their point of attachment could be determined by 
morphological parameters. The higher the commitment, the greater is their 
regenerative ability. The extension of this hypothesis to be applied to corals was not 
without problems. Results of the present study showed that for coral species, tissue 
thickness should be considered in order to provide a more comprehensive 
understanding of their regeneration sequence. Tissue thickness was not considered in 
the original hypothesis. Thickness of the tissue layer varies among coral species. If the 
same intensity of injury is applied on different corals, the ratio of damaged tissue to 
tissue thickness will also vary. The lower the ratio, the faster is the recovery rate of the 
species concerned. Thereby, the low ability of Porites lutea to recover from injuries is 
due to its massive growth form with thin tissue layer. In contrast, the tissue layer of 
another submassive / encrusting coral in this study, Leptastrea pruinosa, is relatively 
thick. Its regeneration rate is therefore much faster. 
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Throughout a year, the regeneration ability of corals injured in winter is the poorest. 
Low sea water temperature in winter is suggested to suppress some normal 
physiological activities in coral colonies. Thereby, only limited energy was available 
for use in maintaining the life of the coral and no extra energy was available for the 
recovery process. As a result, their regeneration ability is affected. For Porites lutea, 
the samples are even bleached during winter. This further suppresses the regeneration 
ability of this species in winter. 
6.2 The regeneration of selected coral species subjected to experimental breakage and 
toppling: 
In autumn 2002 and spring 2003, experimental breakage studies were conducted on 
Acropora digitifera in Tung Ping Chau. Similar to that observed for coral colonies that 
suffered from tissue and scraping injuries, the regeneration rate Acropora colonies also 
followed generally a sigmoid curve. 
In this study, colonization by algae was the major problem encountered by lesions in 
Acropora colonies, especially those that were greater than 1 cm2 in area. As more 
energy would be spent to compete with the algae, lesser energy became available for 
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use in the regeneration process. Hence, their recovery rate from injuries became lower. 
The nature of the substratum would influence the survivorship of fragments that fell 
onto it. Fragments survived throughout the experimental period of 60 days when they 
were placed on top of the A. digitifera colonies while all of them died if they were 
placed on the sand bottom for prolonged period. Fragments that fell on the sand surface 
would be stressed by severe sedimentation. Eventually all of them would die due to 
predation by gastropods. 
Toppled corals are occasionally found in the reef. Repositioning of recently toppled 
colonies helps them to survive. Some corals were experimentally toppled and 
up-righted in autumn and winter 2002 in order to monitor their recovery. The 
regeneration ability is species specific. Among the four species tested, the injured 
tissue in Porites lutea and Porites lobata recovered while Platygyra acuta and Favia 
favus experienced partial mortality after experimental toppling. 
Once again, low water temperature decreases the regeneration ability of these corals. 
The photosynthetic quantum yield of lesions inflicted by experimental toppling of the 
coral colonies and of control colonies in winter was significantly lower than that in 
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autumn. Consequently, lesser energy and resources would be available for the recovery 
process, hence lowering the winter regeneration rate of corals. 
6.3 The regeneration of injuries from natural impact on scleractinian coral: 
Bleached corals were observed in summer 2001. This bleaching event might be caused 
by a combination of abnormally high seawater temperature with heavy total rainfall or 
mainly by heavy total rainfall. In this study, bleached colonies of Hydnophora exesa 
were able to recover but bleached colonies of Montipora turgescens did not. During the 
monitoring period, dying M. turgescens colonies were preyed upon by gastropods. 
Recovery ability of bleached corals was species specific. In this case, the tissue layer of 
H. exesa is significantly thicker than that of M. turgescens. The thicker the tissue, the 
more the amount of zooxanthellae which may be protected among themselves by 
self-shading. Once the adverse environmental conditions become suitable for corals, 
the relatively healthier or surviving zooxanthellae could regenerate, or even serve as the 
major food provider to the corals to increase the survivorship of the colonies. H. exesa 
may be able to survive better than Montipora turgescens because of this. 
In every winter, bleached colonies of Porites lutea were recorded. This bleaching event 
is believed to be related with low water temperature in winter. Different from bleaching 
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events in other parts of the world, the colour of colonies changes to pale green rather 
than white. Although the colouration of colonies between bleached and non-bleached 
colonies is different, their photosynthetic quantum yields are similar. This may be 
because cold temperature suppresses the photosynthesis of both bleached and 
unbleached colonies even if there was no sign of bleaching in the latter colonies. When 
water temperature increased, the colour of the bleached colonies changed to normal. 
Although no colonies died during this period, partial mortality was observed on some 
of the colonies that recovered from winter bleaching. 
6.4 General health conditions of selected coral species in Tung Ping Chau: 
The general health status of three dominant coral species of Tung Ping Chau was 
monitored. Coral health is a relative term describing the conditions of coral colonies in 
terms of the percentage of injuries on the coral surface. 
Partial mortality is the major injury observed in Platygyra acuta. About 50% of the 
colonies experienced this type of injury. Minor injuries such as predation by 
gastropods or colonization by algae were also recorded in many colonies. For Pavona 
decussata, partial mortality and colonization by bivalves are the two major types of 
injuries observed in up to half of the colonies in the study site. Finally, bleaching was 
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the major type of injury experienced by Porites lutea. Colonies of P. lutea experienced 
bleaching all year round. Most of them experienced slight bleaching in summer while 
intensive bleaching in winter. More than 40% of the colonies bleached intensively in 
winter. Although at any one time, corals in Tung Ping Chau experience different types 
of injuries, the intensity remains as minor (less than 33.3% of colony surface suffered a 
particular injury) in most cases. Hence, coral colonies in Tung Ping Chau are generally 
in good health. 
6.5 Significance of the findings of the experiments carried out in this study: 
Corals, as a part of the ecosystem, interact with different organisms that live in the reef. 
As an important member of the reef community, their health is strongly affected by the 
physical, chemical and biological factors of the reef. Hence, injury is a common 
phenomenon that every coral colony will experience. 
In this study, the recovery process of corals towards some particular types of injuries 
was monitored. This information helps to improve our understanding of the dynamics 
of the coral communities. In all the experiments carried out in the present study, except 
the ones on natural bleaching in Montipora turgescens, none of the coral colonies died 
because of the injury they sustained. Furthermore, if the lesion size is not too large, it 
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can normally recover. Therefore, recovery from injuries is a common phenomenon 
observed among most coral colonies. This indicates that the regeneration process is an 
important life strategy of corals. Corals invest energy to maintain the healthy 
conditions of the colony. 
Water temperature is probably the most critical factor that influences the health of 
corals. Corals survive and grow best under the temperature range of 25 °C to 29 °C 
(Jokiel and Coles 1977, Veron and Minchin 1992). Bleaching of corals is a direct effect 
of high temperature. Corals will suffer even before their upper or lower thermal limit is 
reached. During winter, prolonged low water temperature no doubt reduces the 
regenerative ability of corals. Results from the present studies clearly show the 
recovery rate of corals from artificial surface lesion, toppling and even the health of P. 
lutea to be significantly affected by low temperature. 
Colonization by algae and bleaching are cyclic events that the corals (especially Porites 
lutea) in Tung Ping Chau would usually experience every winter. This is a natural 
event and corals appear to be adapted to these types of injuries. Hence, there is no mass 
mortality of corals in every spring. However, corals may actually be living just below 
their tolerance limit in winter. This limit could easily be surpassed with additional 
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disturbance such as pollution. This could spell a disaster for the corals. It is therefore 
very important that a seasonal baseline monitoring of the coral communities in Hong 
Kong, especially in winter, should be conducted to assess the potential injuries suffered 
by these communities. Baseline monitoring such as the use of a coral damage index 
(CDI) can be provided in order to monitor the extent and severity of physical damage 
on corals. Diver carrying capacity monitoring can also evaluate the capacity of the 
diving site by measuring the maximum number of divers per site per year supported by 
the community without degradation. With all these results, detailed regulations can 
then be drawn for the protection of the coral communities in Hong Kong. 
6.6 Limitations and future works: 
In the artificial lesion experiment, lcm2 tissue and scraping injuries were applied on the 
coral colonies. Results from this experiment suggest that the colony size of corals is not 
affecting the recovery rate of the lesion. Oren et. al (2001) documented that 1 cm 
lesion might be too small to trigger the large sized coral colonies to release more energy 
from other polyps to the lesion's area. Hence, experiment with different sizes of lesions 
should be conducted in order to produce a better understanding of the relationship 
between coral colony size and the recovery rate of the lesion. Injuries from natural or 
human activities are unlikely to be as small as 1 cm2 as well, so responses of corals to 
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larger lesion size need to be monitored. 
In this study, although the regeneration rate of different kinds of lesions on corals was 
monitored, large individual variation in the recovery rate always makes it difficult to 
generalize the response observed. Increasing the sampling sizes in the experiment may 
be a solution but this will entail destructions of more coral colonies. 
In this study, low water temperature reduced the photosynthetic activity of 
zooxanthellae in corals. However, different strains of zooxanthellae are believed to 
respond differently to different ranges of temperature (Perez et al. 2001). Classification 
of zooxanthellae strains by molecular technique can help to explain why some coral 
species can perform better in winter, while others cannot. A similar study on Oulastrea 
crispata has already been conducted recently (Chen et al. 2003). A more 
comprehensive study on the classification of zooxanthellae in different coral species of 
Hong Kong can further be conducted so that the whole picture on the inter-relationship 
between corals and zooxanthellae may be established. This can ultimately shed like on 
the evolution of corals and pattern of their biogeographical distribution. 
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